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MESSAGE  OF  THE  PRESIDENT. 


To  the  Senate  and  House  of  Representatives: 

As  required  by  the  provisions  of  the  act  of  March  3,  1915,  making  appropriations  for  the 
naval  service  for  the  fiscal  year  ending  June  30,  1916,  I  transmit  herewith  the  fourth  annual 
report  of  the  National  Advisory  Committee  for  Aeronautics  for  the  fiscal  year  ended  June 
30,  1918. 

The  recommendation  of  the  committee  as  outlined  in  the  closing  paragraphs  of  its  report 
for  the  continuance  of  the  scientific  study  of  the  problems  of  flight  and  the  development  of 
aviation  for  all  purposes  has  my  hearty  approval.  Attention  is  also  invited  to  the  recom¬ 
mendation  of  the  committee  that  the  appendixes  of  this  report  be  published  with  the  report 
as  a  public  document. 

Woodrow  Wilson. 

The  White  House,  December,  1918. 


LETTER  OF  SUBMITTAL. 


National  Advisory  Committee  for  Aeronautics, 

Washington,  D.  C.,  November  29,  1918. 

The  President: 

In  compliance  with  the  provisions  of  the  act  of  Congress,  approved  March  3,  1915  (naval 
appropriation  act,  Public  No.  273,  63d  Cong.),  the  National  Advisory  Committee  for  Aeronautics 
has  the  honor  to  submit  herewith  its  fourth  annual  report,  including  a  statement  of  the  expendi¬ 
tures  to  June  30,  1918. 

Attention  is  invited  to  the  appendixes  to  the  committee’s  report,  and  it  is  recommended 
that  they  be  published  with  the  report  of  the  committee  as  a  public  document. 

The  committee  desires  especially  to  invite  your  attention  to  the  closing  paragraphs  of  its 
report,  and  trusts  that  its  recommendations  for  the  continuance  of  the  scientific  study  of  the 
problems  of  flight  and  for  the  development  of  avaition  for  all  purposes  may  have  your  pproval. 

Very  respectfully, 


National  Advisory  Committee  for  Aeronautics, 
C.  D.  Walcott,  Chairman  Executive  Committee. 


. 
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FOURTH  ANNUAL  REPORT  OF  THE  NATIONAL  ADVISORY  COMMITTEE  FOR 

AERONAUTICS. 


National  Advisory  Committee  b^or  Aeronautics, 

Washington,  D.  C.,  November  29,  1918. 

To  the  Congress: 

In  accordance  with  the  provisions  of  the  act  of  Congress  approved  March  3,  1915,  estab¬ 
lishing  the  National  Advisory  Committee  for  Aeronautics,  the  committee  submits  herewith  its 
fourth  annual  report.  This  report  reviews  the  activities  of  the  committee  during  the  past  year, 
the  work  accomplished  in  the  study  of  scientific  problems  relating  to  Aeronautics,  the  assistance 
rendered  by  the  committee  in  the  examination  of  aeronautical  inventions,  and  in  the  collection 
and  distribution  of  scientific  and  technical  data  from  abroad,  and  contains  a  statement  of 
expenditures,  estimates  for  the  fiscal  year  1920,  and  certain  recommendations  for  the  considera¬ 
tion  of  Congress.  Technical  reports  covering  the  various  subjects  under  investigation  during 
the  past  year  are  submittted  as  appendixes. 

THE  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 

The  National  Advisory  Committee  for  Aeronautics  was  established  by  Congress  by  act 
approved  March  3,  1915.  Under  the  law  the  committee  is  charged  with  the  supervision  and 
direction  of  the  scientific  study  of  the  problems  of  flight  with  a  view  to  their  practical  solution, 
the  determination  of  the  problems  which  should  be  experimentally  attacked,  their  investigation 
and 'application  to  practical  questions  of  aeronautics.  The  committee  is  also  authorized  to 
direct  and  conduct  research  and  experiment  in  aeronautics  in  such  laboratory  or  laboratories, 
in  whole  or  in  part,  as  may  be  placed  under  its  direction. 

The  committee  has  twelve  members,  appointed  by  the  President.  As  authorized  by  Con¬ 
gress,  the  personnel  of  the  committee  consists  of  two  members  from  the  War  Department,  from 
the  office  in  charge  of  military  aeronautics;  two  members  from  the  Navy  Department,  from  the 
office  in  charge  of  naval  aeronautics;  a  representative  each  of  the  Smithsonian  Institution,  of 
the  United  States  Weather  Bureau,  and  of  the  United  States  Bureau  of  Standards;  and  not 
more  than  five  additional  persons  acquainted  with  the  needs  of  aeronautical  science,  either  civil 
or  military,  or  skilled  in  aeronautical  engineering  or  its  allied  sciences. 

During  the  past  year  Maj.  Gen.  George  O.  Squier,  Chief  Signal  Officer  of  the  Army,  and 
Lieut.  Col.  V.  E.  Clark,  Signal  Corps,  were  succeeded  on  the  committee  by  Maj.  Gen.  William  L. 
Kenly,  Director  of  Military  Aeronautics,  and  Dr.  Wallace  C.  Sabine,  of  the  Bureau  of  Aircraft 
Production.  Hon.  Byron  R.  Newton  resigned  and  was  succeeded  on  the  committee  by  Dr.  John 
R.  Freeman,  of  Providence,  R.  I. 

The  full  committee  meets  twice  a  year,  the  annual  meeting  being  held  in  October  and  the 
semiannual  meeting  in  April.  The  present  report  includes  the  activities  of  the  committee 
between  the  annual  meeting  held  on  October  4,  1917,  and  that  held  on  October  10,  1918. 

At  the  annual  meeting  held  on  October  10,  1918,  the  policy  was  adopted  that  no  member 
should  serve  as  chairman  for  more  than  two  consecutive  terms.  Dr.  John  R.  Freeman  was 
elected  chairman  to  succeed  Dr.  William  F.  Durand,  who  had  served  two  terms  as  chairman. 

The  organization  of  the  Advisory  Committee  as  of  October  10,  1918,  the  date  of  the  annual 
meeting,  is  as  follows: 

Dr.  John  R.  Freeman,  chairman. 

Dr.  S.  W.  Stratton,  secretary. 
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Dr.  Charles  D.  Walcott,  chairman  executive  committee. 

Dr.  Joseph  S.  Ames. 

Dr.  William  F.  Durand. 

Dr.  John  F.  Hayford. 

Maj.  Gen.  William  L.  Kenly,  United  States  Army. 

Prof.  Charles  F.  Marvin. 

Dr.  Michael  I.  Pupin. 

Dr.  Wallace  C.  Sabine. 

Rear  Admiral  David  W.  Taylor,  United  States  Navy. 

Commander  John  H.  Towers,  United  States  Navy. 

AMENDMENTS  TO  REGULATIONS. 

At  the  semiannual  meeting  on  April  18, 1918,  amendments  to  the  regulations  were  adopted, 
which  were  approved  by  the  President  under  date  of  May  20,  1918,  which  provided  officially 
for  the  position  of  assistant  secretary,  and  in  accordance  therewith  Mr.  John  F.  Victory  was 
appointed  assistant  secretary. 

THE  EXECUTIVE  COMMITTEE. 

For  carrying  out  the  work  of  the  Advisor;/  Committee  the  regulations  provide  for  the  elec¬ 
tion  annually  of  an  executive  committee,  to  consist  of  seven  members,  and  to  include  further 
any  member  of  the  Advisory  Committee  not  otherwise  a  member  of  the  executive  committee, 
but  resident  in  or  near  Washington  and  giving  his  time  wholly  o  •  chiefly  to  the  special  work  of 
the  committee.  The  executive  committee,  as  elected  and  organized  on  October  10,  1918,  is  as 
follows : 

Dr.  Charles  D.  Walcott,  chairman. 

Dr.  S.  W.  Stratton,  secretary. 

Dr.  Joseph  S.  Ames. 

Dr.  John  R.  Freeman. 

Dr.  John  F.  Hayford. 

Maj.  Gen.  W.  L.  Kenly,  United  States  Army. 

Prof.  Charles  F.  Marvin. 

Dr.  W.  C.  Sabine. 

Rear  Admiral  D.  W.  Taylor,  United  States  Navy. 

Commander  John  H.  Towers,  United  States  Navy. 

The  executive  committee,  in  accordance  with  the  general  instructions  of  the  Advisory 
Committee,  controls  the  administration  of  the  affairs  of  the  committee  and  exercises  general 
supervision  over  all  arrangements  for  research  and  other  matters  undertaken  or  promoted  by  the 
Advisory  Committee. 

The  executive  committee  held  regular  monthly  meetings  throughout  the  year,  and  in 
addition  held  12  special  meetings  on  the  following  dates: 

October  9,  1917;  November  15,  1917;  December  11,  1917;  January  10,  1918;  January  24, 
1918;  February  8,  1918;  February  23,  1918;  March  15,  1918;  March  23,  1918;  April  13,  1918; 
April  29,  1918;  May  11,  1918;  May  25,  1918;  June  8,  1918;  June  21,  1918;  June  27,  1918;  July 
18,  1918;  July  30,  1918;  August  8,  1918;  September  6,  1918;  September  23,  1918;  October  8, 
1918;  October  10,  1918. 

The  committee  has  organized  the  necessary  small  clerical  and  technical  staffs  for  handling 
the  work  of  the  committee  proper,  all  of  which  is  performed  under  the  personal  supervision 
of  one  or  more  of  the  officers  of  the  committee.  The  assistant  secretary,  who  also  serves  as 
special  disbursing  agent,  has  charge  of  the  office,  records,  and  property  of  the  committee. 

SUBCOMMITTEES. 

The  following  standing  and  special  subcommittees  have  been  organized  under  the  executive 
committee.  Reference  to  their  specific  functions  and  programs  is  contained  elsewhere  in 
this  report.  Under  provision  of  the  regulations  for  the  conduct  of  the  work  of  the  committee 
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the  membership  of  subcommittees  is  not  limited  to  members  of  the  advisory  committee.  The 
committees  marked  with  an  asterisk  (*)  have  been  superseded  or  discharged: 

STANDING  COMMITTEES. 

Aircraft  Design  and  Associated  Engineering  Problems: 

Dr.  W.  F.  Durand,  chairman. 

Dr.  John  F.  Hayford,  acting  chairman. 

Dr.  Joseph  S.  Ames. 

Naval  Constructor  J.  C.  Hunsaker,  United  States  Navy. 

Lieut.  Commander  W.  S.  Burgess,  United  States  Navy. 

Lieut.  Alexander  Klemin,  A.  S.,  A.  P. 

J.  H.  DeKlyn. 

H.  L.  Whittemore. 

Steel  construction  for  aircraft — 

Dr.  W.  F.  Durand,  chairman. 

Dr.  S.  W.  Stratton. 

Dr.  A.  F.  Zahm. 

F.  G.  Diffin. 

W.  B.  Stout. 

J.  H.  Nelson. 

H.  L.  Whittemore. 

Fireproof  coverings — 

Dr.  Joseph  S.  Ames,  chairman. 

H.  D.  Gibbs. 

R.  G.  Dort. 

W.  H.  Smith. 

Lieut.  H.  A.  Gardner,  United  States  Naval  Reserve  Force. 

H.  L.  Whittemore. 

Navigation  of  Aircraft,  Aeronautic  Instruments  and  Accessories: 

Dr.  Joseph  S.  Ames,  chairman. 

Dr.  A.  F.  Zahm. 

M.  D.  Hersey. 

Col.  T.  H.  Bane,  United  States  Army. 

Maj.  C.  E.  Mendenhall,  A.  S.,  A.  P. 

Power  Plants  for  Aircraft: 

Dr.  S.  W.  Stratton,  chairman. 

L.  M.  Griffith,  vice  chairman. 

Dr.  H.  C.  Dickinson,  secretary. 

Herbert  Chase. 

Prof.  E.  C.  Newcomb. 

Prof.  G.  W.  Lewis. 

Lieut.  C.  F.  Taylor,  U.  S.  N.  R.  F. 

Fuel  injection  engine — 

L.  M.  Griffith,  chairman. 

Dr.  H.  C.  Dickinson. 

Prof.  E.  C.  Newcomb. 

H.  G.  Chatain. 

P.  L.  Scott. 

H.  Lemp. 

Standardization  and  Investigation  of  Materials  for  Aircraft: 

Dr.  S.  W.  Stratton,  chairman. 

Dr.  G.  K.  Burgess. 

E.  D.  Walen. 

Dr.  Fred  W.  McNair. 

Naval  Constructor  J.  C.  Hunsaker,  United  States  Navy. 

Col.  T.  H.  Bane,  United  States  Army. 

Light  alloys — 

Dr.  G.  K.  Burgess,  chairman. 

Maj.  G.  L.  Norris,  A.  S.,  A.  P. 

C.  M.  Blough. 

Z.  Jeffries. 

Prof.  C.  H.  Mathewson. 

Naval  Constructor  J.  C.  Hunsaker,  United  States  Navy. 
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SPECIAL  COMMITTEES. 

*Aero  Torpedoes: 

Commander  J.  H.  Towers,  United  States  Navy,  chairman. 

Lieut.  Col.  V.  E.  Clark,  A.  S.f  A.  P. 

*  Aircraft  Communications: 

Dr.  Michael  I.  Pupin,  chairman. 

Dr.  Joseph  S.  Ames. 

Dr.  S.  W.  Stratton. 

Dr.  E.  B.  Rosa. 

*  Airplane  Mapping  Committee: 

Maj.  Gen.  George  O.  Squier,  United  States  Army,  chairman. 

Dr.  Charles  D.  Walcott. 

Capt.  J.  W.  Bagley,  Engineer  Officers’  Reserve  Corps. 

Carl  G.  Fisher. 

^Bibliography  of  Aeronautics: 

Prof.  Charles  F.  Marvin,  chairman. 

Dr.  Joseph  S.  Ames. 

Buildings,  Laboratories,  and  Equipment. 

Dr.  S.  W.  Stratton,  chairman. 

Dr.  Joseph  S.  Ames. 

Dr.  W.  F.  Durand. 

Dr.  L.  J.  Briggs. 

Civil  Aerial  Transport: 

Dr.  W.  F.  Durand,  chairman. 

Dr.  S.  W.  Stratton. 

Landing  fields  and  filing  routes — 

Col.  H.  M.  Byllesby,  United  States  Army,  chairman. 

Carl  G.  Fisher. 

S.  S.  Bradley. 

H.  F.  Talbott. 

W.  W.  Montgomery. 

*Desion,  Construction,  and  Navigation  of  Aircraft: 

Dr.  W.  F.  Durand,  chairman. 

Dr.  Joseph  S.  Ames. 

Commander  J.  H.  Towers,  United  States  Navy. 

Lieut.  Col.  V.  E.  Clark,  U.  S.  A.  S.,  A.  P. 

Dr.  A.  F.  Zahm,  secretary. 

Frederick  Alger. 

M.  D.  Hersey. 

J.  H.  Nelson. 

*  Aeronautic  instruments — 

Dr.  Joseph  S.  Ames,  chairman. 

Commander  W.  T.  Jewell,  United  States  Navy. 

M.  D.  Hersey. 

Maj.  C.  E.  Mendenhall,  A.  S.,  A.  P. 

Dr.  L.  J.  Briggs. 

Editorial: 

Dr.  Joseph  S.  Ames,  chairman. 

Dr.  W.  C.  Sabine. 

Dr.  S.  W.  Stratton. 

Dr.  W.  F.  Durand. 

Prof.  Charles  F.  Marvin. 

Lieut.  H.  B.  Luther,  United  States  Navy. 

Free  Flight  Tests: 

Dr.  John  F.  Hayford,  chairman. 

Dr.  W.  F.  Durand. 

Dr.  S.  W.  Stratton. 

Dr.  L.  J.  Briggs. 

Dr.  A.  F.  Zahm. 

Fred  W.  McNair. 

Lieut.  Alexander  Klemin,  A.  S.,  A.  P. 

Capt.  D.  L.  Webster,  A.  S.,  A.  P. 
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Governmental  Relations: 

Dr.  Chalres  D.  Walcott,  chairman. 

Dr.  S.  W.  Stratton. 

^Helicopter,  or  Direct-Lift  Aircraft: 

Dr.  W.  F.  Durand,  chairman. 

Dr.  Michael  I.  Pupin. 

M.  B.  Sellers. 

Dr.  A.  F.  Zahm. 

Prof.  E.  B.  Wilson. 

^Nomenclature  for  Aeronautics: 

Dr.  Joseph  S.  Ames,  chairman. 

Dr.  H.  C.  Dickinson. 

Lieut.  H.  B.  Luther,  United  States  Navy. 

Lieut.  Col.  V.  E.  Clark,  A.  S.,  A.  P. 

Personnel: 

Dr.  Joseph  S.  Ames,  chairman. 

Dr.  S.  W.  Stratton. 

Dr.  John  F.  Hayford. 

Relation  of  Atmosphere  to  Aeronautics: 

Prof.  Charles  F.  Marvin,  chairman. 

Dr.  John  F.  Hayford. 

W.  R.  Gregg. 

^Special  Committee  on  Engineering  Problems  : 

Dr.  W.  F.  Durand,  chairman. 

Dr.  S.  W.  Stratton. 

Dr.  A.  F.  Zahm. 

Dr.  H.  C.  Dickinson. 

Herbert  Chase. 

Grover  C.  Loening. 

FUNCTIONS  OF  THE  COMMITTEE. 

The  functions  of  the  committee  are  stated  as  follows: 

First.  Under  the  law  the  committee  holds  itself  at  the  service  of  any  department  or  agency 
of  the  Government  interested  in  aeronautics  for  the  furnishing  of  information  or  assistance  in 
regard  to  scientific  or  technical  matters  relating  to  aeronautics,  and  in  particular  for  the  investi¬ 
gation  and  study  of  problems  in  this  field  with  a  view  to  their  practical  solution. 

Second.  The  committee  may  also  exercise  its  functions  for  any  individual,  firm,  association, 
or  corporation  within  the  United  States,  provided  that  such  individual,  firm,  association,  or 
corporation  defray  the  actual  cost  involved. 

Third.  The  committee  institutes  research,  investigation,  and  study  of  problems  which, 
in  the  judgment  of  its  members  or  of  the  members  of  its  various  subcommittees,  are  needful 
and  timely  for  the  advance  of  the  science  and  art  of  aeronautics  in  its  various  branches. 

In  the  following  general  manner  the  various  standing  subcommittees  of  the  executive 
committee  deal  with  subject  matters: 

(1)  The  subcommittee  on  aircraft  design  and  associated  engineering  problems  deals  with 
the  general  aerodynamic  problems  of  flight,  and  with  the  fundamental  problems  of  the  design 
of  structures  suited  to  realize  the  various  requirements  of  the  particular  service  required.  To 
assist  in  its  work  subcommittees  on  steel  construction  for  aircraft  and  fireproof  coverings  for 
aircraft  have  been  organized. 

(2)  The  subcommittee  on  navigation  of  aircraft,  aeronautic  instruments,  and  accessories 
deals  with  problems  relating  to  instruments  and  accessories  required  for  the  operation  and 
navigation  of  aircraft  in  general,  and  further  with  reference  to  special  types  of  military  or 
general  service. 

(3)  The  subcommittee  on  power  plants  for  aircraft  deals  with  problems  relating  to  the 
power  plant  as  a  whole,  and  with  its  various  immediate  attachments  and  accessories,  including 
fuels  and  lubricating  oil.  To  assist  in  its  work  it  has  organized  under  it  two  subcommittees 
dealing  specifically  with  the  following  subjects: 

(а)  Fuel  injection  engines. 

(б)  Radiators  for  aircraft  engines. 
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(4)  The  subcommittee  on  standardization  and  investigation  of  materials  deals  primarily 
with  the  physical  properties  of  the  materials  of  engineering  construction,  with  special  reference 
to  their  adoption  and  use  in  aircraft  construction.  To  assist  in  its  work  it  has  organized  a 
subcommittee  on  light  alloys,  to  deal  specifically  with  aluminum  and  its  light  alloys. 

COORDINATION  OF  SCIENTIFIC  AND  RESEARCH  WORK. 

By  virtue  of  the  close  contact  with  military  and  naval  needs  afforded  by  the  appointment 
of  representative  officers  of  the  Army  and  Navy  on  the  various  subcommittees,  and  also  by 
virtue  of  direct  military  and  naval  representation  on  the  executive  committee,  the  scientific 
and  research  work  in  aeronautics  undertaken  by  the  Army,  the  Navy,  the  Bureau  of  Standards, 
and  this  committee,  has  been  coordinated.  The  results  obtained  have  been  promptly  brought 
to  the  attention  of  all  agencies  interested  and  unnecessary  duplication  of  effort  has  been  reduced 
to  a  minimum. 

The  Director  of  the  Bureau  of  Standards  has  placed  the  facilities,  personnel,  and  equip¬ 
ment  of  the  bureau  at  the  service  of  the  committee,  and  has  requested  the  committee,  through 
direct  advice,  and  through  the  immediate  agency  of  its  various  subcommittees  to  supervise 
and  direct  the  research  and  investigational  work  on  aircraft  problems,  carried  on  at.  the  Bureau 
of  Standards  for  the  War  and  Navy  Departments  and  the  committee. 

ACTIVITIES  OF  THE  TECHNICAL  SUBCOMMITTEES. 

The  activities  of  the  subcommittees  engaged  on  scientific  and  research  problems  and  the 
programs  for  the  further  study  of  these  problems  are  described  as  follows: 

AIRCRAFT  DESIGN  AND  ASSOCIATED  ENGINEERING  PROBLEMS. 

During  the  past  year  the  work  of  the  subcommittee  on  aircraft  design  and  associated 
engineering  problems  has,  in  the  main,  consisted  of — 

1.  Investigation  of  designs  for  aircraft  submitted  to  the  committee. 

2.  Theoretical  investigations. 

3.  Study  of  types  of  propellers. 

1.  Numerous  designs  of  both  airplanes  and  airships  have  been  submitted  to  the  com¬ 
mittee.  These  have  all  been  studied  with  care.  In  some  cases  special  committees  have  been 
formed,  with  the  cooperation  of  the  military  authorities,  for  the  purpose  of  a  more  complete 
investigation. 

In  not  a  few  cases  features  have  been  observed  which  called  for  further  scientific  research, 
and  the  committee  has  arranged  for  the  necessary  experiments  in  some  of  the  existing  aero¬ 
dynamic  laboratories,  generally  at  the  Bureau  of  Standards.  Among  these  investigations  the 
most  important  one,  which  is  still  in  progress,  is  probably  that  of  airplanes  having  wings 
arranged  in  tandem. 

2.  Several  theoretical  investigations  have  been  undertaken.  The  most  important  of 
these  are — 

(а)  The  Study  of  the  Laws  of  Air  Resistance  of  Aerofoils,  by  George  de  Bothezat.  (See 
Technical  Report  No.  28.) 

(б)  Theory  of  an  Airplane  Encountering  Gusts,  Part  III,  by  Prof.  E.  B.  Wilson.  (See 
Technical  Report  No.  27.) 

(c)  The  Design  of  Wind  Tunnels  and  Wind  Tunnel  Propellers,  by  E.  P.  Warner  and  F.  H. 
Norton. 

(d)  Analysis  of  Fuselage  Stresses,  by  E.  P.  Warner  and  R.  G.  Miller. 

3.  The  study  of  types  of  propellers  has  been  continued  at  the  aerodynamical  laboratory  of 
Leland  Stanford  Junior  University.  The  laboratory  itself  and  the  results  obtained  in  1917  are 
described  in  the  third  annual  report.  The  work  of  the  present  year  has  consisted  in  the  in¬ 
vestigation  of  many  new  types  suggested,  in  the  main,  by  the  military  authorities. 

Before  stating  the  program  of  work  for  the  coming  year  it  may  be  well  to  outline  the  scope 
of  activities  of  the  committee  as  conceived  by  its  chairman  and  members.  This  may  properly 
be  subdivided  into  five  groups  of  investigations:  (1)  Propellers;  (2)  aerofoils,  or  elementary 
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supporting  and  controlling  surfaces;  (3)  combinations  of  supporting  and  controlling  surfaces; 
(4)  reaction  between  the  airplane  and  the  propeller  system;  (5)  structure.  Under  division  1 
the  principal  problems  are  as  follows: 

(a)  Model  experiments:  (1)  On  propeller  models  (single  or  multiple)  undisturbed  by  reac¬ 
tion  with  adjacent  structures. 

(2)  On  propeller  models  (single  or  multiple)  set  up  with  corresponding  models  of  adjacent 
and  interfering  structures. 

( b )  Free  flight  tests  on  full  size  propellers  with  special  reference  to  the  preceding  experi¬ 
ments. 

(c)  Analytical  investigation  of  propellers  in  accordance  with  theories  developed  by 
Drzewiecki,  De  Bothezat,  and  others,  and  with  special  reference  to  development  of  relations 
between  the  results  found  by  such  methods  and  those  furnished  by  direct  test,  either  on  models 
or  on  full-size  forms. 

( d )  Examination  and  analysis  of  existing  experimental  results  on  propeller  models  with  a 
view  to  classification  and  reduction  to  uniform  units  and  modes  of  representation. 

Under  division  2  the  principal  problems  are  as  follows: 

(a)  Examination  and  analysis  of  existing  experimental  results  on  aerofoil  and  supporting 
or  control  surfaces  with  a  view  to  classification  and  reduction  to  uniform  units  and  modes  of 
representation. 

( b )  Search  for  forms  of  aerofoil  or  supporting  and  control  surfaces  with  special  character¬ 
istics,  as,  for  example,  the  minimum  shift  of  center  of  pressure  with  change  in  angle  of  attack. 
This  involves  both  theoretical  and  experimental  study. 

Under  division  3  the  principal  problems  are  as  follows: 

(a)  Study  of  combinations  of  supporting  surfaces  with  a  view  to  the  determination  of 
mutual  reaction  and  interference. 

(b)  Study  of  combinations  of  supporting  and  of  control  surfaces  with  a  view  to  the  deter¬ 
mination  of  the  most  effective  methods  of  steering  and  of  control  generally,  including  stability 
under  various  conditions  of  flight. 

Under  division  4  the  principal  problems  are  as  follows: 

(a)  The  mutual  reaction  between  a  single  propeller  (tractor  or  pusher)  and  the  adjacent 
structures  of  the  plane  (fuselage,  nacelle,  control  surfaces). 

(b)  The  mutual  reaction  between  two  tandem  propellers  and  between  such  a  pair  of  pro¬ 
pellers  and  the  adjacent  plane  structures  (nacelle,  fuselage,  control  surfaces). 

Under  division  5  the  principal  problems  center  around  a  study  of  the  methods  of  design  best 
suited  to  meet  the  needs  of  aeronautic  construction  and  having  in  view: 

(a)  The  available  materials  of  engineering  construction. 

(b)  The  special  requirements  of  aircraft  structures. 

Under  these  various  problems  those  which  correspond  most  nearly  to  the  present  resources 
of  the  committee,  both  in  personnel  and  in  laboratory  equipment,  are  those  in  the  first  four 
groups;  and  of  these  the  problems  of  more  immediate  importance  seem  to  be  the  following: 
la  (II),  lb,  lc,  Id;  2a,  3a,  4a;  4b. 

In  the  determination  of  precedence,  however,  judgment  has  been  constantly  exercised, 
having  in  view  the  application  of  the  problem  to  war  conditions,  and  the  available  resources  of 
the  committee. 

With  the  opening  of  the  laboratory  at  Langley  Field  and  the  completion  of  the  new  wind 
tunnel  in  connection  with  it,  the  work  of  the  committee  will  be  greatly  facilitated. 

NAVIGATION  OF  AIRCRAFT,  AERONAUTIC  INSTRUMENTS,  AND  ACCESSORIES. 

A  subcommittee  on  navigation  of  aircraft,  aeronautic  instruments,  and  accessories  was 
formed  in  order  to  aid  in  the  development  of  airplane  instruments;  but  inasmuch  as  there  were 
established  at  almost  the  same  time  by  the  aviation  section  of  the  War  and  Navy  Departments 
divisions  with  similar  duties,  the  work  of  the  committee  has  been  of  necessity  limited. 
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During  the  past  year  the  activity  of  the  committee  may  be  considered  under  three  heads: 

1.  Improvements  in  existing  instruments.- — Owing  to  the  fact  that  the  aviation  officers  of  the 
Army  and  Navy  have  to  a  large  degree  handled  their  problems  in  their  own  organizations,  it 
has  been  only  in  rare  cases  that  it  was  necessary  to  conduct  independent  investigations  looking 
to  the  improvement  of  existing  instruments.  The  method  followed  has  been  to  learn  from  the 
military  authorities  the  nature  of  the  defects  found  to  exist  in  the  standard  instruments  fur¬ 
nished  the  airplanes;  then  to  ascertain  if  investigations  were  being  made  to  remedy  these 
defects.  In  those  cases  where  additional  researches  were  necessary,  proper  steps  have  been 
taken  to  see  that  these  were  made  at  the  Bureau  of  Standards,  the  resources  of  which  were 
placed  at  the  disposal  of  the  committee  by  its  director. 

2.  New  instruments. — Constant  efforts  have  been  made  to  obtain  information  concerning 
the  airplane  instruments  developed  in  foreign  countries,  and  in  a  number  of  cases  actual  instru¬ 
ments  have  been  obtained.  These  have  been  tested,  and  the  results,  if  favorable,  have  been 
transmitted  to  the  proper  military  authorities. 

Continuous  correspondence  has  been  carried  on  with  French  and  British  experts  and 
investigators  in  order  to  keep  in  touch  with  developments  in  Europe,  especially  with  reference 
to  long-distance  operations. 

3.  The  great  number  of  inventions  and  suggestions  which  are  received  by  the  office  of  the 
National  Advisory  Committee  for  Aeronautics  are  carefully  scrutinized;  and  in  case  any  prom¬ 
ising  device  or  method  is  noted,  care  is  taken  to  further  its  development.  When  it  is  perfected, 
or  its  usefulness  demonstrated,  it  is  called  to  the  attention  of  the  military  authorities. 

The  great  defect  in  the  proper  conduct  of  the  obvious  work  of  the  committee  at  the  present 
time  is  the  lack  of  facilities  for  testing  instruments  in  actual  flight  and  for  learning  from  the 
aviators  themselves  the  facts  about  the  instruments.  For  the  committee  to  work  to  advantage 
it  will  be  necessary  for  it  to  have  a  laboratory  for  instruments  directly  attached  to  an  aviation 
field  and  to  enjoy  certain  obvious  privileges  in  connection  with  the  latter.  This  matter  will  be 
settled  satisfactorily  when  the  laboratory,  workshop,  and  wind  tunnel  are  opened  at  Langley 
Field,  for  the  hearty  cooperation  of  the  Division  of  Military  Aeronautics  is  assured. 

The  program  for  the  following  year  will  be  largely  a  continuation  of  that  for  the  present 
year,  viz: 

1.  Investigations  will  be  undertaken  aimed  to  improve  the  standard  instruments  which 
prove  unsatisfactory. 

2.  Efforts  will  be  made  to  develop  new  instruments  to  meet  needs  as  they  arise  or  as  they 
may  be  foreseen. 

3.  As  soon  as  proper  facilities  are  provided  at  Langley  Field  an  independent  investigation 
will  be  begun  as  to  proper  standards  and  specifications  for  airplane  instruments  of  all  types. 

During  the  current  year  there  has  been  no  allotment  of  funds  to  carry  on  the  work  of  the 
committee,  but  in  the  near  future  it  will  be  necessary  to  provide  for  the  salaries  of  two  or  more 
technical  assistants  and  for  construction  work  in  the  shops. 

POWER  PLANTS  FOR  AIRCRAFT. 

New  types  of  aviation  engines. — A  special  subcommittee  known  as  the  fuel  injection  engine 
committee  was  appointed  to  investigate  the  possibilities  of  developing  an  aircraft  engine  embody¬ 
ing  features  of  the  Diesel  or  Junkers-Diesel  oil  engines.  Some  progress  was  made  in  the  design  of 
such  an  engine,  and  the  committee  has  cooperated  with  a  private  company  which  is  developing 
a  simplified  form  of  Junkers  engine  for  a  somewhat  different  purpose.  The  possibilities  inherent 
in  this  type  of  engine  appear  so  promising  that  it  is  planned  to  continue  the  work  on  this 
problem. 

A  novel  form  of  scavenging  two-cycle  engine  was  brought  to  the  attention  of  the  committee 
early  in  the  year  and  appeared  so  promising  that  the  Clarke  Thomson  Research  was  interested 
in  the  problem  of  its  development.  A  standard  aircraft  engine  was  altered  to  suit  the  principles 
involved.  The  results  of  experimentation  and  test,  however,  indicated  that  the  inherent  diffi¬ 
culties  were  too  great  to  justify  continuation  of  the  development  in  the  face  of  the  more  impor- 
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tant  problems  then  requiring  prompt  attention.  It  is  planned  to  again  resume  this  investigation 
in  the  near  future,  as  the  possible  results  are  of  great  interest. 

Supercharging  to  maintain  power  at  altitude. — The  committee  has  kept  in  close  touch  with 
the  several  forms  of  apparatus  which  are  being  developed  for  this  purpose.  Early  in  the  year 
a  comprehensive  survey  was  made  of  the  various  possible  means  for  maintaining  the  charge 
density,  and  it  was  concluded  that  all  but  one  of  the  promising  types  were  under  satisfactory 
development  and  that  the  committee  could  best  expedite  the  final  solution  by  insuring  that  the 
one  remaining  interesting  type  was  made  the  subject  of  intensive  development.  Therefore  the 
Clarke  Thomson  Research  was  requested  to  undertake  the  problem  of  supercharging  by  means 
of  the  gear-driven  positive  blower  of  the  Roots  type.  Test  results  are  not  yet  available.  It  is 
the  intention  to  maintain  close  cognizance  of  all  forms  of  supercharging  development  and  to 
insure  that  the  true  value  of  every  promising  means  shall  be  determined. 

Improvement  of  engine  details. — Inasmuch  as  the  life  of  most  aeronautic  engines  depends 
to  a  large  extent  upon  the  maintenance  of  the  exhaust  valves  in  a  proper  working  condition 
and  that  the  principal  reason  for  the  rapid  deterioration  of  such  valves  in  the  high  tempera¬ 
ture  at  which  they  have  to  operate,  it  is  readily  seen  that  the  adequate  control  of  the  tempera¬ 
ture  rise  of  exhaust- valve  heads  constitutes  a  major  problem.  The  possibilities  of  several 
suggested  remedies  for  this  trouble  have  been  studied  and  experiments  have  been  conducted 
with  valves  of  various  designs  and  materials.  It  is  proposed  to  continue  this  investigation 
with  a  view  to  determining  the  best  means  for  insuring  the  maximum  life  of  such  parts. 

The  problem  of  suppressing  the  noise  of  the  exhaust  has  been  studied  and  much  experi¬ 
mental  work  performed  in  the  endeavor  to  devise  a  satisfactory  form  of  muffler  for  aircraft 
engines.  Very  encouraging  results  have  been  obtained  with  a  newly  developed  vortex  type 
of  silencer. 

Radiation  improvement. — A  very  comprehensive  study  of  the  characteristics  of  all  avail¬ 
able  types  of  radiator-cell  construction  has  been  made  in  three  different  types  of  wind  tunnels. 
Experimental  work  has  been  completed  and  results  analyzed  to  the  end  that  the  underlying 
principles  of  radiator  design  have  been  established.  In  practice  the  problem  is  fundamentally 
one  of  minimizing  the  power  cost  of  unit  radiation,  and  this  investigation  has  resulted  in  sev¬ 
eral  reports  which  contain  especially  valuable  engineering  data.  The  effect  of  radiator  loca¬ 
tion  on  the  airplane  and  of  different  forms  of  radiator  housing  have  also  been  studied,  with 
some  rather  remarkable  results.  It  is  proposed  to  check  the  laboratory  data  by  various  free 
flight  tests  and  also  to  make  an  additional  laboratory  study  at  such  points  as  the  effect  of  cell 
size,  dimensions,  and  nature  of  surface  on  the  rate  of  heat  transfer. 

Carburetor  improvement. — A  study  has  been  made  of  the  performance  of  several  different 
types  of  aeronautic  carburetors  as  mounted  upon  an  engine  in  the  altitude  chamber.  At  the 
same  time,  these  and  other  types  have  been  studied  with  the  aid  of  a  special  testing  equipment 
which  permitted  duplication  of  the  pressure  and  temperature  conditions  encountered  at  all 
flying  altitudes.  Special  attention  has  been  given  to  the  study  and  evaluation  of  the  several 
available  methods  for  compensation,  in  the  endeavor  to  secure  automatic  or  inherent  mainte¬ 
nance  of  correct  mixture  proportions  under  the  greatly  varying  temperatures  and  pressures 
encountered. 

Two  types  of  automatic  carburetor  control  have  been  developed  to  such  a  point  that 
their  operation  is  superior  to  any  available  hand  adjustment.  A  third  method  is  now  under 
developement  and  promises  excellent  results.  It  is  proposed  to  continue  this  investigation 
of  means  for  automatically  compensating  for  altitude  and  to  make  a  special  effort  to  discover 
means  of  compensation  which  will  be  inherent  in  their  nature  and  therefore  will  not  depend 
upon  moving  parts  for  their  functioning. 

Some  time  has  been  devoted  to  the  study  of  the  atomization  of  the  fuel,  in  the  belief  that 
improvement  in  this  direction  is  of  the  greatest  importance  in  bettering  both  the  power  output 
and  the  thermal  efficiency.  The  problem  of  satisfactorily  determining  the  figures  of  merit  to 
be  awarded  to  different  carburetors,  on  the  basis  of  completeness  of  atomization  in  the  mix¬ 
tures  delivered  by  them,  is  one  of  great  difficulty  and  it  has  not  been  possible  during  the 
167080— S.  Doc.  307,  65-3—2 
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stress  of  the  past  year  to  develop  methods  or  apparatus  for  the  measurement  of  the  quantities 
involved.  It  is  proposed,  however,  to  pursue  this  investigation  as  rapidly  as  may  be  possible. 

Ignition  improvement. — Methods  have  been  developed  for  the  mechanical  and  electrical 
testing  of  those  components  of  the  ignition  system  which  had  not  previously  received  adequate 
treatment.  The  spark  plug  in  particular  has  been  made  the  subject  of  exhaustive  research 
as  to  its  design,  materials,  and  operation  characteristics.  An  extensive  investigation  has  been 
conducted  on  the  effect  of  high  temperatures  upon  the  mechanical  and  electrical  properties  of 
various  ceramic  and  other  materials  which  could  be  used  for  insulators.  As  the  result  of  a  most 
careful  survey  of  the  entire  field  of  ceramic  materials,  in  which  a  very  large  number  of  new  porce¬ 
lains  were  made  and  tested,  a  special  porcelain  has  been  developed  for  spark-plug  insulators 
which  is  markedly  superior  to  any  that  has  heretofore  been  produced,  either  in  this  country  or 
abroad.  The  electrical,  thermal,  and  mechanical  strength  of  this  material  so  far  surpasses  that 
of  the  best  previously  available  as  to  make  this  discovery  one  of  the  greatest  possible  importance. 

The  several  causes  of  failure  in  spark  plugs  have  been  investigated,  according  to  their  rela¬ 
tive  importance,  and  temperature  measurements  have  been  made  to  determine  the  effect  of 
different  materials  in  the  spark-plug  shells 

Studies  have  been  made  of  the  effect  of  changes  of  pressure  and  temperature  upon  the 
voltage  necessary  to  insure  sparking.  A  method  has  been  developed  for  measuring  the  heat 
energy  of  ignition  sparks  and  corresponding  tests  have  been  made  upon  a  number  of  ignition 
systems.  At  the  same  time  the  character  of  the  electrical  discharge  has  received  much  atten¬ 
tion  as  has  also  the  problem  of  determining  magneto  characteristics.  The  effect  of  the  external 
spark  gap,  and  the  correct  design  of  such  accessory  has  been  made  the  subject  of  considerable 
study  with  a  view  to  determining  the  best  design  for  a  simplified  form  which  would  render 
unnecessary  any  manual  adjustment,  in  order  to  secure  the  correct  electrical  characteristics 
under  varying  conditions.  The  problem  of  determining  the  most  effective  form  of  electrical 
discharge  for  securing  the  greatest  rapidity  of  ignition  and  flame  propagation  is  to  be  further 
studied  as  are  those  other  problems  which  have  been  mentioned  above. 

Fuels  and  combustion. — An  exceptionally  complete  program  of  investigation  has  been  com¬ 
pleted  on  the  performance  characteristics  of  a  considerable  number  of  gasolines  and  other 
hydrocarbon  fuels  as  developed  under  conditions  approaching  those  obtained  in  actual  flying, 
but  which  were  secured  by  means  of  the  altitude  chamber.  While  the  results  of  this  extended 
investigation  are  largely  of  a  negative  nature,  they  have  nevertheless  been  of  the  greatest  im¬ 
portance  in  the  settling  of  many  questions  involving  supposed  advantages  for  fuels  of  extraor¬ 
dinary  specifications  or  compositions.  However,  certain  fuel  mixtures  and  chemically  altered 
fuels  have  shown  extremely  desirable  characteristics,  largely  by  way  of  permitting  greatly 
increased  compression  pressures  and  therefore  increased  power  output  and  thermal  efficiency. 

An  engine  has  been  equipped  with  a  new  form  of  apparatus  which  will  enable  the  determi¬ 
nation  of  absolute  values  of  the  rate  of  flame  propagation.  It  is  also  expected  that  it  will  be 
possible  to  measure  the  rate  of  combustion.  It  is  proposed  that  this  apparatus  shall  furnish 
data  with  which  to  explain  the  differences  between  the  performances  of  various  fuels,  as  ob¬ 
tained  in  the  altitude  chamber,  and  which  have  been  impossible  to  connect  with  any  of  the 
ordinary  properties  of  the  fuels  tested. 

Three  special  gas-engine  indicators  have  been  under  development.  A  sensitive  diaphragm 
indicator  with  minimum  inertia  errors  has  been  constructed  especially  for  use  in  the  altitude 
chamber.  This  instrument  permits  the  recording  mechanism  to  be  operated  outside  the 
test  chamber  at  a  considerable  distance  from  the  engine.  Records  are  made  mechanically  in 
rectangular  coordinate.  A  self-contained  indicator  making  records  of  minute  size  in  rec¬ 
tangular  coordinate  has  been  designed  with  a  view  to  convenience  of  installation.  No 
connection  is  required  to  the  moving  parts  of  the  engine.  Records  of  successive  cycles  are 
made  in  series  on  a  transparent  film  and  afterwards  are  magnified  optically  100  to  200 
diameters  for  study. 

A  greatly  improved  and  simplified  form  of  optical  indicator  of  the  polar  type  has  been 
designed  with  which  it  is  hoped  to  obtain  pressure  diagrams  of  great  accuracy  and  which 
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can  be  used  in  connection  with  flame-propagation  measurements  in  the  study  of  the  phenomena 
which  occur  in  the  cylinder  of  the  modern  aircraft  engine.  This  work  is  of  great  importance 
as  determining  the  direction  for  the  expenditure  of  effort  in  the  further  development  of  this 
type  of  prime  mover,  and  it  is  intended  to  carry  it  on  as  rapidly  as  possible. 

Lubrication  and  lubricants. — A  preliminary  study  has  been  made  of  effect  of  varying  oil 
compositions  upon  the  power  output,  efficiency,  and  operating  characteristics  of  aircraft  en¬ 
gines  as  far  as  could  be  determined  by  the  ordinary  methods  of  conducting  such  tests.  The 
effect  of  the  mixture  of  different  forms  of  graphite  with  the  oil  has  also  been  studied.  These 
tests  were  what  might  be  called  service  tests,  inasmuch  as  service  engines  were  used  and  operated 
under  full  load  conditions  on  the  torque  stand,  samples  of  the  oil  being  obtained  at  regular  in¬ 
tervals  and  the  change  in  quality  noted,  as  well  as  the  operating  ch  racteristics  of  the  engine. 

A  special  single  cylinder  aircraft  engine  has  been  fitted  with  means  for  measuring  the 
pressures  and  temperatures  existing  in  the  oil  films  at  all  of  the  important  bearing  points. 
This  equipment  will  provide  original  data  of  a  character  which  has  not  heretofore  been  obtain¬ 
able,  and  it  is  believed  that  the  very  complete  knowledge  thus  secured  of  the  actual  conditions 
in  the  oil  film  will  enable  a  much  more  accurate  determination  of  the  properties  required  in 
oils  for  aircraft  engine  lubrication. 

A  comprehensive  laboratory  study  is  being  made  of  the  fundamental  properties  of  lubri¬ 
cants  and  new  kinds  of  tests  have  been  discovered  which  throw  much  light  upon  the  complicated 
relations  existing  between  the  various  physical  and  chemical  properties  of  lubricants. 

It  is  proposed  to  continue  all  of  the  above  phases  of  this  investigation,  as  much  of  the  work 
is  of  a  fundamental  nature  and  the  results  will  be  of  the  greatest  importance  to  other  fields  of 
lubrication  as  well  ds  that  of  the  high  duty  internal  combustion  engine. 

Steam  aircraft  power  plants. — Although  the  steam  engine  was  very  popular  during  the 
very  early  attempts  to  solve  the  problem  of  mechanical  flight,  the  remarkable  development  of 
the  internal  combustion  engine  has  so  greatly  surpassed  that  of  the  steam  power  plant  that  it 
had  been  impossible  for  the  latter  to  approach  the  results  obtained  by  the  gasoline  engine  for 
the  propulsion  of  aircraft,  either  from  the  standpoint  of  weight  per  horsepower  output  or  thermal 
efficiency.  At  the  present  time,  however,  it  is  the  belief  of  many  aeronautic  engineers  that  a 
large  proportion  of  the  future  commercial  aircraft  will  be  of  much  greater  size  than  have  so  far 
been  constructed.  In  the  larger  of  present  day  long-distance  bombing  airplanes  the  total 
power  capacity  approximates  2,000  horsepower.  If  steam  power  has  any  chance  at  all,  in 
competition  with  the  internal-combustion  engine,  it  must  be  in  units  of  large  size.  Owing  to 
the  long  and  expensive  development  through  which  the  steam  plant  must  pass  and  to  the  com¬ 
paratively  recent  advent  of  the  successful  very  large  airplane  it  was  impossible  to  undertake 
any  comprehensive  investigation  of  the  problem  during  the  year  1918.  However,  it  is  felt 
that  the  subject  is  well  worthy  of  the  most  serious  consideration  during  the  immediate  future 
and  it  is  the  intention  to  institute  such  laboratory  and  experimental  activities  as  will  serve  to 
determine  the  fundamentals  required  for  successful  steam-power  plants  for  aircraft. 

Altitude  laboratory. — The  altitude  laboratory,  the  construction  of  which  was  noted  in  the 
report  for  1917,  and  which  is  more  completely  described  in  Technical  Report  No.  44  in  this 
report,  has  been  in  continuous  operation  throughout  the  year.  Observations  have  been  made 
on  the  following  relations,  many  of  them  in  the  most  comprehensive  and  painstaking  manner. 

Effect  of  fuel  composition  on  engine  performance. 

Changes  of  horsepower  with  altitude. 

Changes  of  horsepower  with  speed  at  different  altitudes. 

Performance  of  carburetors  with  varying  altitudes. 

Heat  distribution  in  engines. 

Effect  of  supercharging. 

Effect  of  compression  ratio  on  horsepower  at  different  altitudes. 

As  all  of  the  above  work  was  performed  in  connection  with  one  or  more  of  the  problems 
above  separately  treated,  it  is  unnecessary  to  repeat  their  discussion  in  this  paragraph. 
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The  program  for  the  future  utilization  of  the  altitude  laboratory  includes,  in  addition  to 
the  work  previously  indicated,  a  study  of  the  uniformity  of  mixture  distribution  in  inlet  mani¬ 
folds  of  various  types,  a  study  of  the  effect  of  different  compression  ratios  in  connection  with 
special  fuels,  tests,  and  development  of  supercharging  devices,  and  analysis  of  a  performance  of 
different  types  of  aircraft  engines. 

STANDARDIZATION  AND  INVESTIGATION  OF  MATERIALS  FOR  AIRCRAFT. 

During  the  past  year  the  activities  of  the  subcommittee  on  standardization  and  investi¬ 
gation  of  materials  for  aircraft  have  been  mainly  conducted  at  the  Bureau  of  Standards,  and  all 
experimental  Work  on  this  subject  done  at  the  Bureau  of  Standards  has  been  under  the  direc¬ 
tion  of  this  subcommittee.  The  following  is  a  brief  description  of  the  more  important  work 
on  this  subject  done  at  the  Bureau  of  Standards  during  the  past  year: 

(a)  Airplane  wing  beams. — Tests  have  been  made  on  solid  beams  of  various  woods  with  a 
view  to  determining  their  relative  fitness  for  use  as  airplane  wing  spars.  The  possibility"  of 
using  laminated  beams  has  also  been  investigated.  The  use  of  built-up  members  will  result 
in  the  elimination  of  much  of  the  waste  due  to  the  necessary  rejection  of  much  solid  stock. 
Various  splices  have  been  tried  and  recommendations  made  regarding  the  most  successful 
types.  The  results  of  these  tests  are  given  in  Technical  Report  No.  35.  Further  beam  tests 
will  be  made  on  special  apparatus  for  transverse  and  axial  loading,  thus  eliminating  expensive 
sand  testing. 

(b)  Wing  ribs  and  wing  coverings. — Tests  of  wing  ribs  and  wing  coverings  of  metal  and 

other  materials  are  in  progress,  with  the  object  of  developing  fireproof  wings  of  lighter  weight 
than  the  standard  wing  of  fabric  and  wood.  , 

(c)  Impact  tests. — An  investigation  is  being  made  by  means  of  impact  tests  of  the  effect  of 
shocks  on  woods  used  in  airplane  construction.  This  method  of  testing  woods  for  airplane 
use  has  been  given  but  small  consideration  hitherto,  and  the  data  will  no  doubt  be  of  consider¬ 
able  value. 

(d)  Variable  camber  wing. — A  variable  camber  wing  is  being  developed  and  tests  on  ribs 

designed  for  use  in  such  a  wing  have  given  promising  results.  * 

STEEL  CONSTRUCTION  FOB  AIRCRAFT. 

The  substitution  of  steel,  or  other  metal,  for  spruce  in  airplane  wing  construction  has  been 
carefully  considered  both  theoretically  and  practically. 

Theoretical  and  experimental  work  was  done  at  the  Bureau  of  Standards,  under  the  direc¬ 
tion  of  Mi\  John  H.  Nelson,  by  Mr.  H.  L.  Whittemore,  to  whom  should  be  credited  the 
conclusions  reached  by  the  committee.  The  committee  also  carried  on  extensive  investiga¬ 
tions  with  the  cooperation  of  the  Empire  Art  Metal  Co.  at  its  factory  at  College  Point,  N.  Y. 

This  resulted  in  the  construction  of  two  complete  sets  of  metal  wings  which  have  been 
tested  at  McCook  Field,  Dayton,  Ohio.  These  wings  consisted  of  steel  ribs  and  aluminum- 
alloy  beams,  the  ailerons  being  entirely  of  steel. 

These  wings  proved  satisfactory  under  test  both  in  flight  and  under  load,  so  it  is  evident 
that  a  similar  metal  construction  can  be  produced  which  will  have  the  same  strength  as  wood 
for  equal  weight. 

A  complete  technical  record  of  the  experimental  work  on  this  most  important  subject  is 
on  file  in  the  office  of  the  committee,  and  the  committee  is  at  present  encouraging  development 
along  several  lines  by  various  manufacturers. 

FREE  FLIGHT  TESTS. 

The  general  purpose  of  the  work  of  the  subcommittee  on  free  flight  tests  is  to  obtain  as 
complete  tests  as  possible  of  the  performance,  in  all  respects,  of  airplanes  while  in  the  air  under 
normal  conditions.  The  general  purpose  of  these  tests  is  to  supplement  and  make  more  valuable 
the  information  gained  from  all  sorts  of  tests  on  the  ground,  including  tests  of  engines  and 
tests  of  airplane  parts  and  airplane  models  in  wind  tunnels.  It  is  obvious  that  the  actual 
performance  in  the  air,  when  it  becomes  known,  is  the  best  possible  basis  for  future  progress. 
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The  committee  now  has,  in  a  late  stage  of  development,  instruments  for  recording  in  the 
air  the  torque  and  revolutions  per  minute  of  the  engine,  the  thrust  of  the  propeller,  the  air 
speed,  the  angle  of  attack,  and  the  inclination  of  the  wing  chord  to  the  true  horizon.  It  is 
proposed  to  complete  this  development  as  promptly  as  possible,  and  to  get  these  instri '  *ints 
in  action  in  the  air,  presumably  on  a  D.  H.  4  airplane,  to  determine  the  power-plant  performance 
and  the  relations  in  the  air  between  the  lift,  drag,  air  speed,  and  angle  of  attack. 

When  such  tests  have  been  successfully  demonstrated  as  possible,  by  making  them,  the 
next  steps  on  the  program  of  the  committee  are  to  analyze  the  results  and  show  what  conclusions 
can  be  drawn  from  them. 

The  committee  then  proposes,  in  due  time,  to  extend  the  free-flight  tests  to  such  quantities 
as  will  help  to  develop  the  stability  characteristics  of  airplanes,  possibly  to  furnish  some  informa¬ 
tion  as  to  the  structure  of  air,  and  also  possibly  to  furnish  information  as  to  the  stresses  in 
various  parts  of  an  airplane  in  operation. 

To  secure  the  necessary  degree  of  accuracy  and  reliability  in  the  free-flight  observations, 
the  new  instruments  have  in  each  case  been  so  designed  as  to  give  a  continuous  autographic 
record. 

RELATION  OF  THE  ATMOSPHERE  TO  AERONAUTICS. 

The  functions  of  the  subcommittee  on  the  relation  of  the  atmosphere  to  aeronautics  are 
as  follows: 

(1)  To  advise  in  regard  to  those  properties,  characteristics,  currents,  winds,  and  the  detailed 
meteorological  conditions  of  the  free  air  which  are  of  special  importance  to  aeronautics  and  the 
safety  and  economy  of  aerial  navigation. 

(2)  To  encourage  the  systematic  investigation  and  observation,  by  means  of  kites,  pilot 
balloons,  airplanes,  etc.,  of  atmospheric  phenomena;  and  through  the  agency  of  the  Weather 
Bureau  and  otherwise  to  provide  for  the  general  dissemination  of  advices  based  upon  observed 
atmospheric  conditions,  and  to  assist  in  the  application  of  the  results  of  investigations  to  the 
problems  of  aerial  navigation. 

The  major  activities  of  the  subcommittee  on  the  relation  of  the  atmosphere  to  aeronautics 
have  been  confined  to  the  program  of  work  conducted  by  the  Weather  Bureau  in  observations 
and  investigations  of  free- air  conditions. 

Provisions  for  the  extension  of  this  work  were  made  by  Congress  in  an  item  in  the  Army 
bill  for  the  fiscal  year  ended  June  30,  1918,  which  reads  as  follows: 

For  the  establishment  and  maintenance  by  the  Weather  Bureau  of  additional  aerological  stations  for  observing, 
measuring,  and  investigating  atmospheric  phenomena  in  aid  of  aeronautics,  including  salaries,  travel,  and  other  ex¬ 
penses  in  the  city  of  Washington  and  elsewhere,  $100,000,  to  be  expended  under  the  direction  of  the  Secretary  of 
Agriculture. 

Prior  to  this  time  the  Weather  Bureau  for  a  number  of  years  had  conducted  free-air  observa¬ 
tions  at  Mount  Weather  and  more  recently  at  a  central  station  at  Drexel,  Nebr.  Under  the 
above  act,  additional  aerological  stations  were  established  at  Broken  Arrow,  Okla.,  Ellendale, 
N.  Dak.,  Groesbeck,  Tex.,  Leesburg,  Ga.,  and  Royal  Center,  Ind.  This  distribution  is  as 
favorable  as  possible  with  the  limited  number  of  stations  to  secure  observations  of  free-air 
conditions  over  a  large  portion  of  the  country.  Installation  of  equipment  has  been  completed 
at  the  Ellendale  station,  and  free-air  observations  were  begun  in  December,  1917. 

Much  delay  has  been  experienced  in  securing  the  equipment  required  for  these  stations, 
this  equipment  including  special  motor-driven  kite-reeling  apparatus  installed  in  a  shelter 
mounted  on  a  circular  track  somewhat  after  the  fashion  of  observatory  domes  of  small 
dimensions.  Nevertheless,  encouraging  progress  has  been  made,  and  at  the  present  date  obser¬ 
vations  are  actually  being  made  at  the  stations  at  Drexel,  Ellendale,  and  Royal  Center.  Hand 
flights  have  been  made  at  Broken  Arrow  for  two  weeks  and  have  just  been  begun  at  Groesbeck, 
pending  the  arrival  of  suitable  motors. 

The  data  thus  obtained  include  observations  of  atmospheric  pressure,  temperature, 
humidity,  wind  direction  and  velocity,  cloud  altitude  and  movement,  and,  at  Drexel,  electric 
potential.  Daily  telegraphic  reports  of  conditions  at  one  or  more  selected  levels  have  been  sent 
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to  the  forecast  center  of  the  bureau  at  Washington,  D.  C.,  on  all  days  when  flights  were  made. 
At  Drexel,  in  addition  to  the  daily  flights,  series  of  observations  covering  a  period  of  about  30 
hours  have  been  made  whenever  conditions  were  favorable.  The  data  thus  obtained  enable 
the  Weather  Bureau  to  follow  in  considerable  detail  the  diurnal  changes  at  different  altitudes. 
In  all,  478  observations  have  been  made  from  July  1,  1917,  to  June  30,  1918.  Of  these,  134 
were  made  in  18  different  series,  the  remaining  344  being  made  as  daily  observations.  The 
average  altitude  reached  in  all  flights  was  about  3,000  meters.  At  Ellendale  163  flights  were 
made  from  December  17,  1917,  to  June  30,  1918,  the  mean  altitude  being  about  2,400  meters. 

Publications. — Continuing  the  regular  practice  of  the  Weather  Bureau,  the  data  collected 
from  the  aerological  stations  are  published  as  promptly  as  possible  in  the  form  of  quarto  supple¬ 
ments  to  the  Monthly  Weather  Review.  At  the  present  date  these  comprise  seven,  namely, 
Aerology,  Nos.  1  to  7,  inclusive,  and  include  data  from  Drexel  and  Ellendale  up  to  March,  1918. 
The  data  for  April  to  June,  1918,  are  at  the  printer’s,  and  still  more  recent  data  are  nowr  nearly 
ready  for  the  printer. 

In  its  purpose  to  render  the  greatest  possible  assistance  in  the  vigorous  and  successful 
prosecution  of  the  war,  the  Weather  Bureau  has  cooperated  with  various  branches  of  the 
United  States  Army  in  the  following  ways: 

1.  Papers  on  “ Meteorology  and  aeronautics,”  “Mean  values  of  free-air  barometric  and 
vapor  pressures,  temperatures,  and  densities  over  the  United  States,”  and  “The  turning  of 
winds  with  altitude”  were  prepared  and  published  and  copies  have  been  furnished  for  the 
information  and  use  of  the  aviation  and  artillery  services. 

2.  Numerous  requests  have  been  made  upon  the  Aerological  Section  of  the  Weather  Bureau 
for  specific  information  relative  to  atmospheric  conditions  in  connection  with  aviation, 
artillery  problems,  and  for  other  purposes,  both  in  the  United  States  and  in  Europe. 

3.  Instrumental  equipment,  including  kite  meteorographs,  has  been  supplied  for  the  use  of 
the  American  Expeditionary  Forces,  the  British  Admiralty,  etc.  Assistance  has  been  extended 
to  the  subcommittee  on  free-flight  tests  in  supplying  from  the  instrument  shops  of  the  Weather 
Bureau  certain  mounted  clock  movements  for  recording  instruments  needed  in  those  tests, 
including  the  loan  of  a  special  pair  of  recording  theodolites. 

4.  In  connection  with  special  experimental  tests  temporary  field  stations  have  been  estab¬ 
lished  and  kite  flights  made  at  Ellington  Field,  Tex.,  Potomac  Park,  Washington,  D.  C.,  and 
Aberdeen  Proving  Grounds,  Md. 

In  order  to  permit  of  flying  kites  without  interference  in  aviation  work  it  has  been  necessary 
to  locate  the  aerological  stations  of  the  Weather  Bureau  elsewhere  than  in  the  immediate  vicinity 
of  aviation  camps.  In  order,  however,  to  provide  for  the  local  needs  of  aviation  and  other 
military  requirements,  cooperation  with  the  meteorological  section  of  the  Signal  Corps  has  resulted 
in  the  establishment  of  about  25  meteorological  and  pilot  balloon  stations  at  properly  selected 
military  camps.  Ihe  work  at  these  stations  under  military  direction  consists  chiefly  of  observa¬ 
tions  of  surface  meteorological  conditions,  accompanied  by  theodolite  observations  of  the 
flight  of  small  rubber  hydrogen-inflated  pilot  balloons.  The  observations  with  such  balloons, 
when  properly  reduced,  give  the  path  of  the  balloon  in  the  free  air  and  thus  reveal  the  general 
horizontal  motions  according  to  the  altitude  of  the  balloon.  Under  proper  conditions  of  inflation 
the  rate  of  ascent  of  the  balloon  is  more  or  less  accurately  known,  and  the  observations  also 
afford  some  indication  of  the  up-and-down  motions  in  the  atmosphere,  as  well  as  the  horizontal 
motions,  notwithstanding  the  steady  ascent  of  the  balloon. 

Arrangements  between  the  Science  and  Research  Division  of  the  Signal  Corps  and  the  Weather 
Bureau  have  been  perfected,  whereby  a  small  group  of  men  are  engaged  in  reducing  and  com¬ 
puting  the  results  of  the  measurements  of  pilot  balloons,  and  it  is  planned  in  the  near  future  to 
begin  the  distribution  of  systematic  reports  of  the  atmospheric  motions  obtained  from  these 
pilot  balloons.  To  make  this  information  immediately  available,  the  observations  from  the 
balloons  must  be  telegraphed,  but  this  has  not  as  yet  been  undertaken,  and  the  results  reported 
by  mail  are  necessarily  for  conditions  some  days  prior  to  the  date  of  publication.  It  is  believed 
that  from  observations  of  this  character  much  useful  information  can  be  given  concerning  the 
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free  motions  of  the  atmosphere  in  different  sections  of  the  country,  and  the  stations  have  been 
located  with  a  view  to  making  this  information  most  valuable  in  connection  with  cross-country 
flying  along  lines  of  civil  aerial  transport  which  have  already  been  in  a  measure  agreed  upon. 

The  program  of  the  subcommittee  on  the  relation  of  the  atmosphere  to  aeronautics  is  to 
continue  lines  of  work  already  started  and  in  operation.  The  most  important  of  these  are: 

(а)  Aerological  observations  at  Weather  Bureau  stations. — Daily  observations  are  made  of 
free-air  pressure,  temperature,  humidity,  wind  and  cloud  conditions  at  six  favorably  distributed 
stations.  This  work  is  conducted  by  the  United  States  Weather  Bureau  under  appropriations 
for  that  purpose.  The  stations  are  Broken  Arrow,  Okla.,  Drexel,  Nebr.,  Ellendale,  N.  Dak., 
Groesbeck,  Tex.,  Leesburg,  Ga.,  and  Royal  Center,  Ind. 

(б)  Pilot-balloon  observations  at  military  stations. — Daily  observations  are  made  of  free-air 
wind  conditions  by  means  of  small  pilot  balloons  whose  positions  and  motions  are  observed  by 
theodolites.  This  investigation  is  conducted  by  the  Science  and  Research  Division,  United  States 
Signal  Corps,  at  about  25  military  training  camps  distributed  over  the  United  States  from  the 
Rocky  Mountains  to  the  Atlantic  coast.  In  cooperation  with  the  United  States  Weather 
Bureau,  pilot-balloon  soundings  are  made  also  at  five  of  its  aerological  stations. 

The  objects  of  the  work  described  above  are  as  follows: 

(1)  To  make  the  data  obtained  immediately  available  for  the  information  and  assistance 
of  all  interested  therein,  such  as  (a)  meteorologists,  (6)  aviators  at  training  fields  and  those 
engaged  in  cross-country  flying  over  the  transcontinental  mail  or  other  aerial  routes,  (c)  the 
Army  and  Navy  for  artillery  services,  and  (d)  pilots  over  the  proposed  tra ns- Atlantic  route 
from  Newfoundland  to  Ireland  or  between  other  points. 

(2)  To  summarize,  study,  and  publish  the  data  obtained  for  the  purpose  of  furnishing 
reliable  information  as  to  average  free-air  conditions  of  pressure,  temperature,  humidity,  den¬ 
sity,  and  wind  direction  and  velocity  by  months  and  seasons,  under  different  types  of  pressure 
distribution  at  the  earth’s  surface  and  in  different  parts  of  the  country. 

(3)  To  conduct  special  studies  of  atmospheric  phenomena  which  are  of  particular  interest 
to  the  aviator,  as,  for  example,  ( a )  air  movements  in  thunderstorms,  (&)  height  and  thickness 
of  cloud  layers  in  different  parts  of  low-pressure  areas,  (c)  amount  and  vertical  extent  of  con¬ 
vection,  and  (d)  gustiness  of  winds. 

(4)  To  encourage  the  fuller  development  of  the  systematic  use  of  airplanes  as  an  aerial 
apparatus  auxiliary  to  kites  and  balloons,  by  means  of  which  meteorological  conditions  in  the 
free  air  may  be  observed  and  measured. 

QUARTERS  FOR  COMMITTEE. 

During  the  fiscal  year  ending  June  30,  1918,  the  administrative  offices  of  the  National 
Advisory  Committee  for  Aeronautics  were  located  in  rented  quarters  in  the  Munsey  Building, 
Washington,  D.  C.  The  technical  work  of  the  committee,  performed  largely  by  or  under  the 
direction  of  the  various  subcommittees,  was  carried  out  in  various  laboratories  and  shops 
belonging  to  the  Government  and  to  universities  of  learning  whose  facilities  for  scientific 
research  were  placed  at  the  disposal  of  the  committee. 

The  sundry  civil  act  making  appropriations  for  the  fiscal  year  1919,  approved  July  1,  1918, 
contained  the  following  provision  in  reference  to  quarters: 

Provided ,  That  the  Secretary  of  War  is  authorized  and  directed  to  furnish  office  space  to  the  National  Advisory 
Committee  for  Aeronautics  in  governmental  buildings  occupied  by  the  Signal  Corps. 

In  accordance  with  the  above  provision  of  law,  the  Bureau  of  Aircraft  Production  of  the 
War  Department  allotted  sufficient  space  to  the  committee  in  Building  D,  Fourth  Street  and 
Missouri  Avenue  NW.,  Washington,  D.  C.,  and  this  space  was  occupied  by  the  committee  on 
July  1,  1918.  The  location  is  the  fourth  wing,  second  floor,  immediately  adjoining  the  offices 
of  the  Director  of  the  Air  Service,  Mr.  John  D.  Ryan.  It  is  believed  that  its  present  location 
between  the  Bureau  of  Aircraft  Production  and  the  Division  of  Military  Aeronautics  is  most 
appropriate  for  the  conduct  of  its  own  work  and  to  aid  in  effecting  close  cooperation  of  effort 
on  the  part  of  the  military  agencies  in  matters  under  the  cognizance  of  the  committee. 
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THE  RESEARCH  LABORATORY. 

The  research  laboratory  located  at  Langley  Field,  Va.,  has  been  completed  and  equipped 
to  undertake  certain  types  of  research  work  on  aerodynamical  problems  and  aeronautic  instru¬ 
ments.  Tests  of  the  performance  of  airplanes  in  free  flight  will  also  be  carried  out  at  Langley 
Field. 

The  original  purpose  in  the  establishment  of  Langley  Field  by  the  War  Department  was 
to  provide  an  experimental  flying  field  and  proving  ground  for  aircraft.  During  the  war  the 
field  was  used  primarily  as  a  training  school  for  aviators,  but  it  is  contemplated  that  after  the 
war  it  will  be  fully  developed  in  accordance  with  the  original  plan. 

WIND  TUNNEL. 

As  a  part  of  the  equipment  for  scientific  research,  the  committee  contracted  for  the  con¬ 
struction  of  a  wind-tunnel  building  on  the  same  plot  of  ground  allotted  to  the  committee  by 
the  War  Department  for  the  conduct  of  its  general  activities  at  Langley  Field. 

The  wind-tunnel  building  is  of  brick  and  steel  construction,  42  feet  wide,  90  feet  long, 
and  30  feet  high.  It  will  house  a  5-foot  modified  Eiffel  type  wind  tunnel  which  has  been  designed 
to  provide  for  lessening  the  diameter  of  the  wind  stream  to  30  inches  for  high-velocity  investi¬ 
gations.  When  operating  with  the  5-foot  section,  the  air  stream  is  left  open  across  the  operating 
room,  and  when  operating  with  the  30-inch  section,  the  stream  is  inclosed  as  in  the  National 
Physical  Laboratory  type  of  tunnel. 

The  wind  tunnel  proper  will  be  equipped  with  a  thrust  torque  dynamometer  for  propeller 
investigations  and  for  determining  the  effect  of  the  fuselage  form  upon  propeller  efficiency; 
also  an  aerodynamic  balance  for  making  accurate  measurements  on  aerofoils.  Both  the  balance 
and  the  dynamometer  will  be  suspended  from  an  overhead  platform  down  into  the  wind  stream. 
In  each  case  the  observer  will  work  above  the  platform.  Power  will  be  supplied  to  the  wind- 
tunnel  propeller  by  a  250-horsepower,  direct-current,  variable-speed  motor  which  will  be  oper¬ 
ated  by  a  250-kilowatt  synchronous  motor  generator  set,  with  special  arrangements  for  speed 
control  and  regulation. 

The  wind  tunnel  is  designed  for  air  velocities  up  to  130  miles  per  hour  with  the  5-foot 
section  and  for  200  or  more  miles  per  hour  when  using  the  30-inch  section.  Important  research 
problems  will  be  undertaken  as  soon  as  the  building  and  apparatus  are  completed. 

As  reported  in  the  third  annual  report,  it  is  contemplated  that  an  additional  wind-tunnel 
building  and  an  engine-testing  shed  will  be  required  in  the  near  future. 

OFFICE  OF  AERONAUTICAL  INTELLIGENCE. 

In  January,  1918,  the  need  for  a  central  governmental  depository  in  Washington  for 
scientific  and  technical  data  relating  to  aeronautics  was  recognized,  and  the  Aircraft  Board 
suggested  that  the  National  Advisory  Committee  for  Aeronautics  was  the  logical  governmental 
agency  for  the  collection  and  classification  of  such  data  to  be  made  available  to  the  military 
and  naval  air  services  in  this  country.  This  committee  accordingly  established  an  Office  of 
Aeronautical  Intelligence  and  adopted  rules  and  regulations  for  the  handling  of  its  work. 

The  committee  has  made  the  necessary  arrangements  at  home  and  abroad  for  the  collec¬ 
tion  of  such  data.  There  are  many  sources  of  obtaining  such  information,  the  chief  at  the 
present  time  being  the  research  information  committee,  organized  under  the  National  Research 
Council  in  January,  1918,  by  funds  provided  by  the  Council  of  National  Defense.  It  consisted 
of  the  Director  of  Military  Intelligence,  Director  of  Naval  Intelligence,  and  Dr.  S.  W.  Stratton 
as  chairman. 

The  purpose  of  the  research  information  committee  is  to  serve  as  a  collector  and  distributor 
of  scientific  and  technical  information  regarding  all  war  problems.  Special  committees  sta¬ 
tioned  at  London,  Paris,  and  Rome  collect  information  regarding  all  phases  of  the  scientific 
and  technical  study  of  war  problems  and  transmit  the  same  to  the  central  committee  in  Wash¬ 
ington  for  distribution  to  the  interested  services.  Similarly,  these  special  committees  receive 
information  from  Washington  and  transmit  the  same  to  the  interested  services  abroad. 
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Since  February,  1918,  Dr.  W.  F.  Durand,  chairman  of  the  National  Advisory  Committee 
&>r  Aeronautics,  has  served  as  scientific  attache  to  the  American  Embassy  in  Paris,  representing 
the  National  Research  Council  on  this  research  information  service,  and  has,  in  addition,  acted 
as  special  representative  of  the  Aircraft  Board  at  the  International  Aircraft  Standardization 
Conferences  in  London  in  February  and  in  October,  1918,  besides  serving  as  a  special  liaison 
officer  in  aeronautical  matters  between  France  and  the  United  States. 

In  September,  1918,  Dr.  W.  C.  Sabine,  head  of  the  department  of  technical  information 
of  the  Bureau  of  Aircraft  Production  and  a  member  of  the  National  Advisory  Committee  for 
Aeronautics,  was  placed  in  charge  of  the  Office  of  Aeronautical  Intelligence  of  the  National 
Advisory  Committee  for  Aeronautics,  with  the  title  of  director  of  scientific  and  technical 
data. 

Many  valuable  documents  dealing  with  important  research  problems  in  aeronautics  have 
been  secured  by  the  Office  of  Aeronautical  Intelligence,  and  copies  have  been  distributed  to 
those  concerned  with  the  problems  involved. 

The  committee  has  established  in  connection  with  its  Office  of  Aeronautical  Intelligence, 
and  particularly  for  the  use  of  its  engineering  staff,  a  small  selected  library,  containing  the  most 
useful  and  valuable  aeronautical  and  technical  books  and  publications. 

THE  COMMITTEE  AS  AN  IMPARTIAL  AGENCY  FOR  THE  SETTLEMENT  OF  DISPUTES. 

During  the  past  year  the  committee  has  served  the  War  and  Navy  Departments  in  the 
capacity  of  an  impartial  agency  for  the  settlement  of  disputes  between  contractors  or  private 
parties  on  the  one  hand  and  the  War  or  Navy  Department  on  the  other  in  matters  where  tech¬ 
nical  questions  have  been  involved.  In  each  case  in  which  it  has  been  requested  to  act  the  com¬ 
mittee  has  appointed  a  special  subcommittee  to  investigate  and  submit  report  and  recom¬ 
mendation.  The  more  prominent  cases  handled  by  the  committee  during  the  past  year  are: 

First,  the  dispute  between  the  War  and  Navy  Departments  on  the  one  hand  and  the 
Kessler  Motor  Co.  relative  to  the  degree  of  compliance  by  the  latter  with  the  technical  provi¬ 
sions  of  a  contract  for  the  development  of  experimental  aircraft  engines. 

Second,  the  controversy  between  the  War  Department  and  George  Norman  Albree  et  al. 
over  the  merits  of  the  Albree  monoplane. 

Third,  the  case  of  the  contract  with  the  Glenn  L.  Martin  Co.  for  a  large  bombing  plane 
with  a  smaller  pilot  plane  fastened  to  it  in  such  a  manner  as  to  automatically  control  the  larger 
plane  and  direct  its  course  after  the  small  pilot  plane  has  been  released,  the  larger  plane  to  carry 
and  automatically  release  a  large  bomb  of  the  type  invented  by  Lester  P.  Barlow,  upon  whose 
suggestion  the  experiments  were  made.  A  contract  had  already  been  completed,  entailing 
the  expenditure  of  $15,000,  and  a  controversy  arose  over  the  advisability  of  placing  a  further 
contract  involving  $150,000.  In  this  case  the  committee,  after  careful  consideration,  recom¬ 
mended  that  contract  be  not  placed,  since  the  military  value  of  the  machine  did  not  justify 
its  use. 

AIRCRAFT  PRODUCTION. 

During  the  past  year  the  National  Advisory  Committee  for  Aeronautics  has  not  undertaken 
to  function  on  the  problems  connected  with  aircraft  production  nor  in  the  framing  of  the  air¬ 
craft  program.  These  matters  have  been  under  the  jurisdiction  of  the  War  and  Navy  Depart¬ 
ments,  respectively,  and  their  problems  have  been  coordinated  in  an  advisory  capacity,  first, 
by  the  Aircraft  Production  Board  and  later  by  the  Aircraft  Board. 

THE  CLARKE  THOMSON  RESEARCH. 

The  Clarke  Thomson  Research  was  founded  by  Mr.  Clarke  Thomson  of  Philadelphia,  Pa., 
on  September  23,  1916,  for  the  purpose  of  aiding  the  advancement  of  the  science  of  aviation. 

In  the  latter  part  of  the  year  1917,  Mr.  Thomson  tendered  the  facilities  of  the  Clarke 
Thomson  Research  to  the  National  Advisory  Committee  for  Aeronautics  with  the  request 
that  the  National  Advisory  Committee  direct  the  further  activities  of  the  research: 
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The  activities  of  the  research  previous  to  that  time  may  be  summarized  as  follows: 

1.  A  research  on  the  possibilities  of  the  steam  power  plant  for  aeronautical  purposes, 
the  results  being  published  in  a  report  “  Steam-power  plants  for  airplanes,”  by  J.  G.  Dudley. 

2.  The  investigation  of  the  possibilities  of  the  gas  turbine  as  a  power  plant  for  airplanes. 
Inherent  difficulties  involved  in  the  construction  of  the  gas  turbine  seemed  to  eliminate  this 
device  as  a  power  plant  for  airplanes. 

The  first  problem  presented  to  the  research  by  the  advisory  committee  was  the  applica¬ 
tion  of  the  Nutting  2-cycle  air-scavenging  principle  to  some  existing  engine,  in  order  to  test 
and  determine  the  possibilities  of  this  particular  type  of  engine.  The  research  redesigned 
and  reconstructed  a  Dusenberg  4-cylinder  16-valve  aircraft  engine  to  operate  on  the  Nutting 
2-cycle  air-scavenging  principle.  After  construction,  this  engine  was  tested  by  the  power 
plants  committee  at  the  Bureau  of  Standards.  The  results  of  the  experiment  indicated  that 
the  inherent  difficulties  were  too  great  to  justify  continuation  of  the  development  when  the 
more  important  problems  requiring  prompt  solution  were  considered.  It  is  planned  to  resume 
this  investigation  in  the  near  future,  as  the  possible  results  are  of  great  interest. 

In  connection  with  the  problem  involving  exhaust-gas  scavenging,  the  research  con¬ 
ducted  experiments  of  the  flow  of  air  through  poppet  valves.  A  model  on  a  Liberty  engine 
cylinder  was  constructed,  and  experimental  data  dealing  particularly  with  the  merits  of  inlet 
valves,  singly  and  in  pail's,  was  obtained.  The  result  of  this  experimental  work  is  found 
in  Report  No.  24  of  the  National  Advisory  Committee  for  Aeronautics,  entitled  “Air  flow 
through  poppet  valves.” 

SCIENCE  AND  RESEARCH  DIVISION. 

In  the  latter  part  of  the  year  1918  the  committee  stated  in  a  letter  to  the  Director  of  the 
Air  Service  of  the  Army  that  there  was  need  for  greater  coordination  of  the  scientific  and  research 
work  in  aeronautics,  and  that  in  order  to  render  effective  the  work  of  the  division  of  science 
and  research,  established  by  the  Signal  Corps  and  later  transferred  to  the  Bureau  of  Aircraft 
Production,  it  was  believed  desirable  to  reorganize  the  division  of  science  and  research. 

The  committee  recommended  that  that  portion  of  the  work  of  the  Bureau  of  Aircraft 
Production  and  of  the  Division  of  Military  Aeronautics,  which  was  then  under  the  direction  of 
the  division  of  science  and  research  of  the  Bureau  of  Aircraft  Production,  be  organized  under 
a  separate  division  under  the  Bureau  of  Aircraft  Production,  with  a  director  in  charge  whose 
entire  interests  were  connected  with  and  who  could  give  his  entire  time  to  the  work  of  the 
Air  Service  of  the  Army.  The  effect  of  this  was  a  separation  of  the  science  and  research  work 
of  the  Air  Service  from  the  science  and  research  work  of  the  Signal  Corps. 

AIR  MAIL  SERVICE. 

In  March,  1918,  the  committee  invited  the  attention  of  the  Secretary  of  War  to  the  fact 
that  Congress  had  authorized  the  Post  Office  Department  to  establish  an  experimental  air  mail 
service  and  had  made  an  appropriation  of  $100,000  for  the  purpose,  and  that  under  the  then 
existing  conditions  practically  all  aircraft  manufacturing  facilities  in  the  United  States  were  being 
utilized  by  the  War  and  Navy  Departments,  and  all  capable  aviators  were  in  the  military  or 
naval  air  services. 

The  committee  also  stated  that  in  view  of  the  further  fact  that  it  was  exceedingly  desirable 
that  Army  aviators  be  regularly  and  systematically  trained  in  long-distance  flying,  it  would 
appear  to  be  to  the  advantage  of  the  War  Department  and  of  the  Government  generally  that 
military  airplanes  and  aviators  be  used  to  render  practical  and  effective  service  to  the  Nation 
by  assisting  the  Post  Office  Department,  and  recommended  that  active  cooperation  be  estab- 
ished  between  the  Air  Service  of  the  Army  and  the  Post  Office  Department  in  connection  with 
the  proposed  experimental  air  mail  service  between  Washington,  Philadelphia,  and  New  York. 

The  air  mail  service  was  successfully  inaugurated,  with  the  cooperation  of  the  War 
Department,  and  in  the  opinion  of  the  National  Advisory  Committee  for  Aeronautics  the  prac¬ 
ticability  of  such  service  has  been  sufficiently  well  demonstrated  since  its  inauguration  to 
justify  its  extension  generally. 
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CIVIL  AERIAL  TRANSPORT. 

With  the  cessation  of  hostilities,  the  committee  promptly  took  up  questions  relating  to 
civil  and  commercial  uses  of  aircraft  after  the  war.  The  great  developments  in  and  achieve¬ 
ments  with  aircraft  during  the  past  few  years,  due  to  the  stimulation  of  war,  indicate  that  the 
civil  and  commercial  uses  of  aircraft  in  the  future  may  be  considered  to  be  practically  unlimited. 

The  committee  believes  that  Federal  legislation  should  be  enacted  governing  the  navigation 
of  aircraft  in  the  United  States  and  including  the  licensing  of  pilots,  inspection  of  machines, 
uses  of  landing  fields,  etc.  The  committee  has  brought  this  subject  to  the  attention  of  the 
heads  of  the  War,  Navy,  Commerce,  and  Post  Office  Departments,  and  suggested  that  repre¬ 
sentatives  be  appointed  to  confer  with  the  committee  with  a  view  to  studying  the  problem  and 
recommending  the  general  terms  of  legislation  designed  to  most  effectively  encourage  the  devel¬ 
opment  of  aviation  in  the  United  States,  and  at  the  same  time  to  guide  the  development  as  far 
as  practicable  along  such  lines  as  will  render  immediate  and  effective  military  service  to  the 
Nation  in  time  of  war. 

ELECTROMAGNETIC  SYNCHRONIZER  FOR  AERONAUTICAL  MACHINE  GUNS. 

An  investigation  of  the  subject  of  synchronizing  gears  for  machine  guns  to  be  used  in 
connection  with  airplanes  has  been  carried  on  in  conjunction  with  the  staff  of  the  Bureau  of 
Standards;  and  an  electromagnetic  synchronizing  gear  has  been  evolved  which  will  perform  all 
the  functions  of  the  hydraulic  and  mechanical  gears  and  with  an  efficiency  fully  as  great.  It 
has  certain  marked  advantages,  such  as  flexibility  of  mounting.  This  will  enable  the  machine 
gun  to  be  traversed  on  a  horizontal  plane,  while  at  the  same  time  being  maintained  in  perfect 
synchronism . 

VENEER  WING  CONSTRUCTION. 

Sand  loading  and  other  tests  made  by  members  of  the  committee’s  technical  staff  on  an 
experimental  airplane  built  by  the  Carolina  Aircraft  Co.  revealed  the  utility  of  wood  veneer  in 
wing  construction,  not  only  for  ribs  but  also  for  the  actual  wing  covering.  It  was  found  that 
the  internal  drift  wires  may  be  eliminated  and  the  same  weight  per  square  foot  of  surface 
obtained  as  in  the  ordinary  whig.  The  matter  was  reported  promptly  to  the  Bureau  of  Aircraft 
Production  and  attention  invited  to  this  method  of  wing  construction  as  offering  a  possible 
means  of  cheaper  and  mo  'e  rapid  production  of  aircraft. 

AIRPLANE  MAPPING  CAMERA. 

Through  the  direct  efforts  of  the  airplane  mapping  committee,  a  triple  lens  airplane  mapping 
camera  was  developed  which  was  brought  promptly  and  personally  to  the  attention  of  the 
proper  Army  and  Navy  officers,  and  the  camera  itself  turned  over  to  the  Geological  Survey  at 
its  request.  In  the  hands  of  the  officials  of  this  survey  it  has  already  proved  to  be  of  inestimable 
value  in  making  topographical  surveys. 

AIRCRAFT-ENGINE  FUELS. 

During  the  past  year  Mr.  A.  J.  Paris,  jr.,  of  Charleston,  W.  Va.,  tendered  to  the  committee  his 
services  as  an  inventor  and  the  use  of  his  experimental  station  at  Charleston,  consisting  of  a  gas- 
engine-driven  gas-compressing  plant,  miniature  oil  refinery'  and  laboratory  for  investigation  of 
aircraft-engine  fuels.  On  recommendation  of  the  committee  and  by  order  of  The  Adjutant 
General  of  the  Army,  his  brother,  First  Lieut.  W.  F.  Paris,  102d  Trains  and  M.  P.,  27th  Div., 
U.  S.  A.,  was  detailed  with  the  committee  and  was  assigned  to  assist  with  this  problem. 

Research  and  experiment  have  been  conducted  by  Messrs.  Paris  at  Charleston,  in  full 
cooperation  with,  and  under  the  direction  of  the  National  Advisory  Committee  for  Aeronautics, 
the  expenses  being  borne  by  them.  The  subjects  investigated  during  the  past  year  are  as 
follows: 

1.  Gasoline  direct  from  crude  petroleum  without  stills;  cleaned  without  use  of  acid  or 
alkali. 
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2.  First  distillate  or  crude  benzine,  cleaned,  and  purified  without  the  use  of  acid  or  alkali. 

3.  Natural  neutral  gasoline. 

4.  Increased  yield  of  straight  paraffin  gasoline  from  crude  oil. 

5.  Separation  of  gasoline  from  crude  oil  by  mechanical  means. 

Quality  samples  of  pure  paraffin  gasoline  from  crude  oil  were  completed  and  delivered  in 
July,  1918,  and  these  were  referred  to  the  subcommittee  on  power  plants  for  test  at  the 
Bureau  of  Standards.  The  object  of  these  investigations  has  been  to  produce  a  superior  produc  t 
and  at  the  same  time  increase  the  proportionate  yield  of  this  superior  grade  of  gasoline  for 
aircraft  and  also  reduce  the  cost  of  production.  This  work  is  described  in  detail  in  Report 
No.  42,  showing  the  nature  of  the  tests  and  the  degree  of  success  achieved. 

EVOLUTION  OF  AIRCRAFT  ENGINES. 

The  first  man -carrying-airplane  flights  were  made  in  December,  1903,  with  the  Wright 
Brothers’  engine,  developing  12  horsepower  and  weighing  152  pounds,  or  12.7  pounds  per  horse¬ 
power.  In  1910,  seven  years  later,  the  average  horsepower  of  aeronautic  engines  had  increased 
to  54  and  the  weight  decreased  to  5.7  pounds  per  horsepower.  In  another  seven  years,  1917, 
the  average  power  output  had  advanced  to  240  horsepower  and  the  weight  lowered  to  2.8 
pounds  per  horsepower.  At  the  end  of  1917  the  Liberty-12  developed  400  horsepower  for  a 
weight  of  800  pounds  or  2  pounds  per  horsepower.  Continuous  progress  in  development  enabled 
the  Liberty-12  to  yield  a  maximum  of  510  horsepower  for  a  weight  of  875  pounds,  or  1.71  pounds 
per  horsepower,  by  the  end  of  August,  1918. 

The  accompanying  table,  as  also  the  curve  sheet,  shows  the  advance  in  the  average  maxi¬ 
mum  power-weight  ratio  by  years  for  the  engine  in  actual  flying  service.  It  is  to  be  especially 
noted  that  the  Langley-Manly  engine  was  9  years  ahead  of  its  time  in  the  matter  of  power 
output  and  16  years  ahead  in  weight  per  horsepower  ratio. 

It  may  also  be  noted  that  at  the  end  of  1917  the  Liberty-12  was  65  per  cent  more  power¬ 
ful  and  28  per  cent  lighter  per  horsepower  than  the  average  in  service  for  that  year.  By 
September  1,  1918,  these  figures  were  changed  to  approximately  50  per  cent  and  25  per  cent, 
which  indicate  the  superiority  of  the  Liberty-12  over  the  average  engine  in  service  at  that  time. 


Aircraft-engine  evolution. 


Type. 


Langley-Manly  engine. . . 
Original  Wright  Bros. . . . 
Improved  Wright  Bros.. 

Do . 

Redesigned  Wright  Bros 

Average  in  service . 

Do . 

Do . 

Do . 

Do . 

Liberty,  12-cvlinder . 

Average  in  service . 

Liberty,  12-cylinder . 


Year. 

Horse¬ 

power. 

Weight. 

Weight 
per  horse¬ 
power. 

1901 

52 

151 

2.9 

1903 

12 

152 

12.7 

1904 

10 

180 

11.4 

1905 

19 

ISO 

9.5 

1908 

35 

182 

5.5 

1910 

54 

309 

5.7 

1914 

112 

437 

3.9 

1915 

133 

512 

3.7 

1916 

185 

570 

3.  1 

1917 

243 

693 

2.8 

1917 

400 

801 

2.0 

1918 

267 

693 

2.6 

1918 

510 

875 

1.7 

The  average  consumption  of  fuel  decreased  from  about  0.80  pound  per  horsepower  in  1903 
to  about  0.65  pound  in  1914,  since  which  it  has  slowly  dropped  to  0.55  pound  in  1918,  and, 
for  the  Liberty,  to  0.50  pound.  The  present  minimum  Liberty  consumption  is  approximately 
0.46  pound  per  horsepower  hour. 

The  lines  on  the  curve  sheet  show  the  average  values  obtained  for  these  several  variables 
during  the  same  period  as  is  covered  by  the  table.  The  points  indicated  by  small  circles  repre¬ 
sent  the  characteristics  of  the  Liberty-12.  Note  particularly  the  lower  weight  per  horsepower  as 
compared  with  the  curve  showing  average  practice.  As  further  illustrating  the  advance  made, 
it  is  interesting  to  note  that  in  1913,  the  Wolseley  company  could  only  obtain  147  horsepower  at 
1,400  revolutions  per  minute  from  eight  cylinders,  5  inches  bore  by  7  inches  stroke,  or  18.375 
horsepower  per  cylinder.  This  is  the  same  cylinder  size  as  used  in  the  liberty,  which  now  gives 
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42.5  horsepower  per  cylinder,  2.3  times  the  power  per  cylinder  obtained  in  the  Wolseley.  Even 
if  we  reduce  the  Liberty  results  to  the  same  speed  as  the  Wolseley,  1,400  revolutions,  the  Lib¬ 
erty  still  represents  a  marvelous  advance,  for  at  that  speed  378  horsepower  are  developed,  or 

31.5  horsepower  per  cylinder.  Moreover,  the  Wolseley  weighed  4.9  pounds  per  horsepower  as 
compared  with  2.3  pounds  for  the  Liberty  at  the  same  speed. 

Regarding  future  accomplishments,  the  tendency  of  the  curve  showing  the  weight  per 
horsepower  is  such  as  to  indicate  that  the  average  of  aeronautic  engines  will  not  attain  the 
present  high  power  weight  ratio  of  the  Libertv-12  until  some  time  in  1921,  which  would  indicate 
that  the  Liberty  may  be  supposed  to  be  two  years  in  advance  of  the  state  of  the  art. 


AERONAUTICAL  INVENTIONS. 

During  the  past  year,  this  committee  has  handled  approximately  7,000  inventions  and  sug¬ 
gestions  in  the  field  of  aeronautics.  A  great  many  of  these  have  been  referred  to  this  committee 
by  other  departments  of  the  Government,  such  as  the  Bureau  of  Standards,  the  Aircraft  Board, 
and  the  War  and  Navy  Departments. 

The  inventions  received  have  been  of  the  following  nature:  Lighter-than-air  craft  (balloons 
and  dirigibles);  heavier-than-air  craft  (ornithopters,  helicopters,  airplanes);  motive  power;  pro¬ 
pellers;  offensive  devices. 

Under  the  subject  of  airplanes  there  have  been  numerous  suggestions  relative  to  improve¬ 
ments  in  the  various  details,  such  as  controls,  fabric,  instruments,  parachutes,  stabillizers,  wings, 
coloring,  and  fireproofing  solutions. 

Under  the  subject  of  motive  power  there  have  been  many  suggestions  relative  to  steam  and 
combustion  engines,  and  various  improvements  to  the  latter. 

Under  the  subject  of  combustion  engines,  there  have  been  many  suggestions  and  inventions 
relative  to  both  fixed  and  rotary  engines  and  turbines;  and  under  engine  parts  suggestions 
relating  to  mufflers,  carburetors,  ignition,  fuel  tanks,  starters,  radiators,  valves,  etc. 

Numerous  suggestions  have  been  received  having  to  do  with  various  fonns  of  air  propellers, 
both  fixed  and  variable  pitch,  and  constructed  of  both  wood  and  metals. 

Another  field  for  the  inventor  is  that  of  offensive  devices  for  use  in  connection  with  aircraft. 
Under  this  heading  the  committee  has  received  suggestions  relative  to  both  incendiary  and  ex¬ 
plosive  bombs,  together  with  means  for  dropping  them;  also  chemicals  and  other  forms  of  offen¬ 
sive  devices. 

The  great  majority  of  the  suggestions  and  inventions  received  are  obviously  of  an  imprac¬ 
tical  nature.  Several,  however,  have  seemed  worthy  of  further  consideration  and  have  been 
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referred  to  military  or  naval  experts.  Sucli  matters  liave  been  followed  up  and  specific  reports 
obtained  in  each  case.  The  inventor  is  invariably  thanked  for  his  patriotism  in  submitting 
his  device  for  the  use  of  the  Government. 

In  addition,  a  large  number  of  suggestions  and  inventions  of  minor  importance  have  been 
recommended  to  the  War  and  Navy  Departments  for  their  further  consideration.  In  all  cases, 
every  invention  and  suggestion  has  received  immediate  attention. 

A  small  percentage  of  the  inventions  have  been  deemed  worthy  of  serious  action  after 
having  been  carefully  considered.  These  are  listed  below: 

1.  Instrument  to  prevent  excess  transverse  stresses  in  an  airplane  engine.  This  was  given  full  trials  at  McCook 
Field,  and  at  the  navy  yard,  Washington,  D.  C. 

2.  Multitandem  triplane  system  of  aerofoil  arrangement.  This  arrangement  was  designed  to  enable  the  carrying 
of  great  loads  without  great  increase  in  the  wing  span.  It  was  thought  necessary  to  make  wind  tunnel  tests  upon  the 
basic  principle  involved.  These  have  been  conducted  at  the  navy  yard  wind  tunnel. 

3.  A  two-cycle  ah'  scavenged  internal  combustion  engine.  This  was  carefully  investigated  and  experimented 
upon,  but  was  not  found  suitable  for  the  immediate  needs  of  military  aeronautics. 

4.  A  magneto  having  the  well-known  Bosch  characteristics  but  with  several  ingenious  improvements  in  mechan¬ 
ical  design  was  submitted  to  careful  laboratory  tests.  The  manufacturer  is  building  a  supply  for  service  tests. 

5.  A  design  of  variable  camber  steel  rib  intended  to  serve  as  part  of  one  of  the  wings  of  a  biplane  or  triplane  with 
the  remaining  wings  of  fixed  camber.  The  use  of  such  a  device  will  materially  increase  the  speed  range  of  an  airplane. 
Extensive  tests  of  a  mechanical  nature  have  been  carried  out  on  this  construction  with  very  hopeful  results. 

In  July,  1918,  the  War  Department  established  an  inventions  section  of  the  General  Staff 
and  issued  instructions  to  all  branches  of  the  War  Department  to  forward  all  inventions  includ¬ 
ing  those  pertaining  to  aeronautics  to  the  inventions  section.  This  action  has  served  to  relieve 
the  committee  of  the  duty  of  preliminary  examination  of  a  large  number  of  inventions  and  sug¬ 
gestions  without  value.  Cooperation  with  the  inventions  section  has  been  established,  whereby 
all  inventions  dealing  with  aeronautical  subjects  which,  after  preliminary  examination,  are  deemed 
by  the  inventions  section  worthy  of  further  consideration  are  referred  to  this  committee.  Other 
departments  of  the  Government,  however,  have  continued  referring  aeronautical  inventions  and 
suggestions  to  this  committee  direct. 

TECHNICAL  REPORTS. 

The  first  annual  report  of  the  committee  contained  technical  reports  Nos.  1  to  7;  the  second 
annual  report,  Nos.  8  to  12;  the  third  annual  report,  Nos.  13  to  23.  With  this,  the  fourth  annual 
report,  the  committee  submits  technical  reports  Nos.  24  to  50,  as  follows: 

Report  No.  24,  entitled  “Air  Flow  through  Poppet  Valves,”  was  prepared  by  the  Clarke 
Thomson  Research  and  contains  the  results  of  investigations  made  by  G.  W.  Lewis  and  E.  M. 
Nutting,  of  the  Clarke  Thomson  Research.  Some  of  the  new  ideas  to  which  attention  is  called 
in  this  report  have  already  proved  of  great  value  in  the  gas-engine  industry. 

Report  No.  25,  entitled  “Nomenclature  for  Aeronautics,”  is  a  glossary  of  words  used  in 
connection  with  aeronautics,  adopted  by  this  committee  in  October,  1918.  This  nomenclature 
has  also  "been  adopted  by  the  War  and  Navy  Departments.  It  was  prepared  in  cooperation  with 
a  committee  engaged  upon  a  similar  undertaking  in  Great  Britain.  As  a  result  this  nomencla¬ 
ture  is  in  substantial  agreement  to  the  one  which  has  been  adopted  by  the  aeronautical  author¬ 
ities  of  Great  Britain. 

Report  No.  26,  entitled  “The  Variation  of  Yawing  Moment  Due  to  Rolling,”  by  Prof.  E.  B. 
Wilson,  of  the  Massachusetts  Institute  of  Technology,  is  a  contribution  to  the  study  of  airplane 
stability  concerning  a  point  about  which  much  discussion  has  arisen. 

Report  No.  27,  entitled  “Theory  of  an  Airplane  Encountering  Gusts,  III,”  by  Prof.  E.  B. 
Wilson,  of  the  Massachusetts  Institute  of  Technology,  is  the  third  of  a  series  of  papers  on  this 
subject,  the  two  previous  papers  having  appeared  in  the  first  and  third  annual  reports  of  the 
committee. 

Report  No.  28,  entitled  “An  Introduction  to  the  Study  of  the  Laws  of  Air  Resistance  of 
Aerofoils,”  by  Dr.  George  de  Bothezat,  of  the  technical  staff  of  this  committee,  is  a  memoir 
dealing  with  the  flow  of  air  around  aerofoils  and  the  laws  which  may  be  deduced  mathemati- 
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cally  for  this  condition.  Numerous  new  ideas  are  evolved,  and  the  author  has  made  great 
progress  over  the  existing  knowledge  of  the  subject. 

Report  No.  2.9,  entitled  “The  General  Theory  of  Blade  Screws,”  by  Dr.  George  de  Bothezat, 
of  the  technical  staff  of  this  committee,  gives  an  entirely  new  treatment  of  the  theory  of  the 
principles  governing  the  action  of  a  screw  consisting  of  blades,  such  as  we  have  in  propellers, 
fans,  etc.  This  theory  is  developed  extensively.  The  methods  are  described  w'ith  careful  draw¬ 
ings,  so  that  one  should  be  able  to  design  propellers  for  any  specific  purpose.  This  contribution 
to  the  science  of  aerodynamics  is  most  notable. 

Report  No.  30,  entitled  “Experimental  Research  on  Air  Propellers,  II,”  by  Dr.  W.  F. 
Durand  and  Prof.  E.  P.  Lesley,  is  a  continuation  of  Report  No.  14  on  the  same  subject  published 
in  the  third  annual  report  of  this  committee,  and  has  been  prepared  by  Prof.  E.  P.  Lesley,  of 
Leland  Stanford,  jr.,  University.  It  states  the  results  of  investigations  made  upon  numerous 
propeller  models  at  request  of  this  committee  and  affords  valuable  data  to  those  interested 
in  the  design  of  air  propellers. 

Report  No.  31,  entitled  “Development  of  Air  Speed  Nozzles,”  by  Dr.  A.  F.  Zahm,  of  the 
department  of  construction  and  repair,  navy  yard,  Washington,  D.  C.,  a  member  of  the 
subcommittee  on  navigation  of  aircraft,  aeronautic  instruments  and  accessories. 

Report  No.  32,  entitled  “The  Airplane  Tensiometer,”  by  L.  J.  Larson,  of  the  Bureau  of 
Standards,  describes  a  new  instrument  for  the  purpose  of  measuring  the  tension  in  airplane 
wires  and  cables. 

Report  No.  33,  entitled  “Luminous  Materials,”  by  Dr.  N.  E.  Dorsey,  of  the  Bureau  of 
Standards,  gives  for  the  first  time,  in  complete  form,  all  the  data  necessary  for  the  specifications 
of  luminous  materials  in  connection  with  various  instruments,  especially  those  used  for  aero¬ 
nautics. 

Report  No.  34,  entitled  “Aluminum  and  Its  Light  Alloys,”  by  Dr.  Paul  D.  Merica,  of  the 
Bureau  of  Standards,  is  a  summary  of  the  publications  by  the  Bureau  of  Standards  on  this 
subject  during  the  past  year. 

Report  No.  35,  entitled  “The  Strength  of  One-piece,  Solid,  Built-up,  and  Laminated  Wood 
Airplane  Wing  Beams,”  by  John  H.  Nelson,  of  the  Bureau  of  Standards,  describes  an  experi¬ 
mental  investigation  on  the  relative  strengths  of  beams  when  solid,  built-up,  and  laminated. 
This  report  has  already  proved  of  great  value  in  the  airplane  industry  inasmuch  as  the  results 
have  been  widely  disseminated. 

Report  No.  36,  entitled  “The  Structure  of  Airplane  Fabrics,”  by  E.  D.  Walen,  of  the 
Bureau  of  Standards,  is  a  most  complete  discussion  of  the  methods  used  and  the  results  obtained 
in  testing  linen,  silk,  and  cotton  fabrics.  The  results  of  this  investigation  have  been  made  known 
from  time  to  time  to  the  military  authorities  of  both  services,  and  the  great  progress  made  in  the 
United  States  during  the  past  year  hi  the  production  of  airplane  fabrics  is  directly  due  to  the 
success  obtained  in  securing  proper  cotton  fabrics  as  described  in  this  report. 

Report  No.  37,  entitled  “Fabric  Fastenings,”  by  E.  D.  Walen  and  R.  T.  Fisher^  of  the 
Bureau  of  Standards,  states  the  results  of  a  careful  investigation  upon  the  proper  methods  of 
attaching  fabrics  to  airplane  wings.  The  methods  recommended  in  this  report  have  been 
adopted  by  the  military  services. 

Report  No.  38,  entitled  “Airplane  Dopes  and  Doping,”  by  W.  H.  Smith,  of  the  Bureau  of 
Standards,  is  a  most  valuable  statement  of  the  difficulties  in  the  preparation  of  dopes  and  of 
the  means  which  have  been  taken  to  overcome  them. 

Report  No.  39,  entitled  “The  Testing  of  Balloon  Fabrics,”  prepared  by  Junius  David 
Edwards  and  Irwin  L.  Moore,  of  the  Bureau  of  Standards,  deals  with  the  various  methods  by 
which  balloon  fabrics  may  be  tested  and  gives  a  critical  discussion  of  the  relative  values  of  these 
tests  from  a  practical  standpoint. 

Report  No.  40,  entitled  “The  Ferrosilicon  Process  for  the  Generation  of  Hydrogen,”  is  a 
series  of  three  papers  prepared  by  the  staff  of  the  Bureau  of  Standards.  Their  titles  and  authors 
are  as  follows:  “Generation  of  hydrogen  from  ferrosilicon  and  sodium  hydroxide,”  by  E.  R. 
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Weaver,  W.  M.  Berry,  and  V.  L.  Bohnson;  “The  effect  of  the  presence  of  sodium  carbonate  on 
the  generation  of  hydrogen  from  ferrosilicon  and  sodium  hydroxide,”  by  E.  It.  Weaver  and 
B.  D.  Gordon;  “The  use  of  lime  in  the  generation  of  hydrogen  by  the  use  of  ferrosilicon,”  by 
B.  D.  Gordon.  This  report  gives  a  valuable  summary  of  the  details  of  the  ferrosilicon  process 
and  a  critical  examination  of  the  means  which  are  necessary  in  order  to  make  the  process 
successful. 

Report  No.  41,  entitled  “Testing  of  Balloon  Gas,”  by  Junius  David  Edwards,  of  the  Bureau 
of  Standards,  is  a  description  of  a  simple,  portable  apparatus  for  testing  hydrogen,  with  special 
reference  to  its  use  in  balloons. 

Report  No.  42,  entitled  “A  New  Process  for  the  Production  of  Aircraft  Engine  Fuels,”  by 
Auguste  Jean  Paris,  jr.,  and  W.  Francklyn  Paris,  first  lieutenant,  United  States  Army,  states 
the  results  of  investigations  performed  by  its  authors  at  the  request  of  this  committee  at  their 
laboratory  at  Charleston,  W.  Va. 

Report  No.  43,  entitled  “Synopsis  of  Aeronautic  Radiator  Investigations  for  the  years 
1917  and  1918,”  by  Dr.  H.  C.  Dickinson  and  R.  V.  Kleinschmidt,  gives  the  results  of  investiga¬ 
tions  conducted  at  the  Bureau  of  Standards  on  the  general  problem  of  aeronautic  radiator 
design. 

Report  No.  44,  entitled  “The  Altitude  Laboratory  for  the  Testing  of  Aircraft  Engines,” 
by  Dr.  FI.  C.  Dickinson  and  H.  T.  Boutel,  is  an  extension  and  revision  of  the  brief  description 
of  this  apparatus  which  appeared  in  the  third  annual  report.  The  changes  which  have  been 
made  as  a  result  of  experience  have  been  included  so  that  this  report  describes  the  laboratory 
in  its  developed  form. 

Report  No.  45,  entitled  “The  Effect  of  Compression  Ratio,  Pressure,  Temperature,  and 
Humidity  on  Power,”  in  four  parts,  by  Dr.  H.  C.  Dickinson,  W.  S.  James,  G.  V.  Anderson,  and 
V.  WT.  BrinkerhofF,  gives  the  results  obtained  in  testing  a  Ilispano-Suiza  150-horsepower  air¬ 
craft  engine  in  the  altitude  chamber,  and  of  a  high-compression  truck  engine  on  the  dynamom¬ 
eter  stand  at  the  Bureau  of  Standards.  The  results  of  pressure  and  compression  ratio  changes 
agree  very  closely  with  the  ordinary  conception,  but  it  is  interesting  to  note  the  indication  of 
the  tests  with  respect  to  the  deviation  of  the  temperature  correction  from  that  ordinarily  as¬ 
sumed.  The  water-injection  tests  are  an  indication  of  the  vaiue  of  such  devices  and  of  the 
effect  of  changes  in  humidity. 

Report  No.  46,  entitled  “A  Study  of  Airplane  Engine  Tests,”  by  Prof.  Victor  II.  Gage, 
gives  the  results  of  an  examination  of  the  data  obtained  during  tests  of  aeronautic  engines  in 
the  altitude  laboratory  at  the  Bureau  of  Standards. 

Report  No.  47,  entitled  “Power  Characteristics  of  Fuels  for  Aircraft  Engines,”  in  three 
parts,  by  Dr.  H.  C.  Dickinson,  W.  S.  James,  E.  W.  Roberts,  Prof.  V.  R.  Gage,  and  D.  R.  Harper, 
3d,  presents  a  summation  of  the  results  obtained  in  the  testing  of  fuels  of  various  compositions 
and  character  in  the  altitude  laboratory.  These  tests  extended  over  several  months  and 
thousands  of  readings  were  taken.  The  data  upon  which  this  report  is  based  is  of  the  greatest 
value  and  has  had  an  extremely  important  influence  upon  the  writing  of  specifications  for 
the  various  grades  of  aviation  fuels. 

Report  No.  48,  entitled  “Carbureting  Conditions  Characteristic  of  Aircraft  Engines,”  by 
P.  S.  Tice,  was  prepared  as  a  digest  of  the  information  obtained  during  an  extensive  examina¬ 
tion  of  the  performance  of  aircraft  engines  in  the  altitude  laboratory  at  the  Bureau  of  Stand¬ 
ards.  It  constitutes  a  concise  statement  of  the  difficulties  to  be  encountered  in  this  branch  of 
carburetion. 

Report  No.  49,  entitled  “Metering  Characteristics  of  Carburetors,”  by  P.  S.  Tice  and  Dr. 
Ii.  C.  Dickinson,  is  mainly  the  result  of  an  extensive  experimental  investigation  of  the  per¬ 
formance  of  different  types  of  carburetors  as  effecting  the  maintenance  under  all  conditions  of 
a  correct  ratio  between  the  weights  of  fuel  and  air. 

Report  No.  50,  entitled  “Calculation  of  Low  Pressure  Indicator  Diagrams,”  by  E.  C. 
Kemble,  develops  the  fundamental  conception  and  partial  application  of  a  method  for  calculat¬ 
ing  the  pressure- volume  relationships  to  be  expected  for  any  given  engine  design. 
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GENERAL  PROBLEMS  AND  ACTIVITIES. 

As  an  introduction  to  the  progress  made  on  the  general  problems  enumerated  in  the  pre¬ 
ceding  annual  reports,  there  is  submitted  the  following  statement  entitled  “Some  Outstanding 
Problems  in  Aeronautics/7  prepared  by  Dr.  W.  F.  Durand,  chairman  of  the  National  Advisory 
Committee  for  Aeronautics,  which  was  read  as  the  Sixth  Wilbur  Wright  Memorial  Lecture 
before  the  Aeronautical  Society  of  Great  Britain  on  June  25,  1918: 

SOME  OUTSTANDING  PROBLEMS  IN  AERONAUTICS. 

Ten  years  ago  the  airplane  was  a  curiosity — a  means  wherewith,  by  a  tour  de  force,  a  man  might  lift  himself  from 
the  ground  and  make  a  hazardous  flight  through  quiet  air — a  means  to  attract  curious  crowds  to  fenced-in  country  fair¬ 
grounds  to  witness  the  marvel  of  a  body  heavier  than  air  actually  rising  from  the  ground  and  moving  under  some  measure 
of  control  through  the  air,  and  returning  safely  to  its  starting  point. 

What  the  airplane  has  become  in  this  short  but  poignant  decade  of  the  world’s  history  and  what  it  stands  for 
to-day  this  audience  knows  too  well  to  need  specification  in  detail. 

It  is  perhaps  well  within  the  limits  of  conservatism  to  say  that  no  achievement  of  man’s  inventive  and  constructive 
genius  has  undergone  more  intensive,  more  rapid,  or  more  potentially  significant  development  than  has  that  of  flying 
with  an  apparatus  heavier  than  the  air  in  which  it  moves. 

It  may  be  further  noted  that  perhaps  no  technical  and  constructive  achievement  of  man  has  ever  called  more 
largely  on  science  and  on  the  aid  of  scientific  research  to  aid  in  the  solution  of  the  many  problems  which  have  pre¬ 
sented  themselves  in  the  course  of  this  astonishing  development  in  aerial  navigation  which  the  past  decade  has  wit¬ 
nessed. 

In  the  circumstances  which  have  determined  the  direction  and  character  of  the  development  of  the  airplane 
during  this  decade,  and  especially  in  those  which  have  been  controlling  during  the  past  three  or  four  years,  it  is  only 
to  be  expected  that  at  the  present  moment  we  should  find  ourselves  with  many  partly  solved  problems  on  our  hands, 
with  others  which  we  have  hardly  more  than  begun  to  attack  on  the  outskirt,  and  confronted  by  others  still,  the  charac 
acter  and  significance  of  which  we  have  hardly  begun  as  yet  to  apprehend. 

On  the  present  occasion  we  may  find  it  not  without  interest  to  pass  briefly  in  review  some  of  these  problems,  noting 
their  present  status  together  with  such  indications  as  may  in  some  cases  serve  to  point  the  way  toward  a  possible  solution . 

THE  PROBLEM  OF  CONSTRUCTIVE  MATERIALS. 

Perhaps  nowhere  is  there  to  be  found  a  better  illustration  of  the  interdependence  of  technical  and  scientific  research 
and  study  than  in  the  manifold  advances  in  various  technical  and  scientific  lines  which  conjointly  have  made  the  air¬ 
plane  in  its  present  form  a  structural  possibility. 

Broadly,  the  modern  airplane  comprises  a  body  of  some  sort  or  form  fitted  with  wings  to  provide  the  supporting 
surfaces,  with  a  prime  mover  or  source  of  power  and  with  a  propeller  of  some  type  to  transform  the  power  provided  by 
the  prime  mover  into  propulsive  work,  and  by  the  reaction  of  the  relative  air  stream  on  the  under  side  of  the  wings  to 
secure  the  sustaining  or  lifting  force  necessary  to  carry  the  weight.  This  construction  calls  for  a  wide  range  of  construc¬ 
tive  materials.  Thus  the  body  and  wings,  comprising  the  airplane  proper,  require  the  following  fairly  distinct  classes 
of  structural  elements: 

(1)  Those  intended  primarily  to  give  form,  strength,  and  coherence  to  the  structure.  They  represent  in  effect 
the  skeleton  or  foundation  on  which  the  entire  function  of  the  airplane  as  such  must  depend. 

(2)  Various  secondary  elements  intended  so  to  tie  or  connect  the  principal  members  together  as  to  secure  homo¬ 
geneity  of  structure  as  a  whole,  and  mutually  responsive  action  on  the  part  of  the  different  elements  comprised  under 
No.  1.  The  elements  here  considered  are  those  which,  from  a  purely  structural  viewpoint,  may  be  classed  as  struts 
and  ties  or  tension  members. 

(3)  Surface  covering  for  the  body  and  wings.  This  gives  outer  form  and  continuity  of  surface  and  provides,  fur¬ 
thermore,  the  actual  surfaces  on  which  the  air  lifting  and  supporting  forces  may  act. 

Broadly  speaking,  the  fundamental  problem  in  all  airplane  construction  is  adequate  strength  or  function  on  mini¬ 
mum  wTeight.  In  no  other  form  of  engineering  construction  is  the  necessity  for  weight  saving  so  rigorous.  In  a  very 
real  sense  every  ounce  of  material  entering  into  the  structure  must  be  able  to  show  a  competent  passport.  The  struc¬ 
tural  problem  of  the  airplane  is  therefore  one  of  strength  in  relation  to  weight.  For  the  main  elements  comprising  the 
skeleton  of  the  structure  wood  has,  thus  far,  held  the  main  place,  with  metal  construction  steadily  attracting  more 
and  more  interest  and  assuming  a  place  of  growing  importance,  at  least  in  the  study  of  new  designs. 

It  is  not  necessary  to  our  present  purpose  that  we  should  consider  in  detail  present  practice  in  airplane  construction. 
The  trend  of  development  since  the  earliest  days  of  the  art  has  tended  to  show  that  wood  construction  under  suitable 
design  and  safeguard  was  able  to  provide  the  easiest  and,  on  the  whole,  the  most  satisfactory  solution  of  many  problems 
and  requirements  which  airplane  construction  presents,  and  so  we  have  been  content,  for  the  most  part,  with  this 
type  of  construction. 

We  may,  however,  be  wrell  assured  that  however  good  may  be  any  solution  that  we  may  reach  of  the  many  problems 
presented  to  us  in  the  industrial  arts,  there  are,  as  a  matter  of  fact,  series  of  better  ones  only  awaiting  our  patient  study. 
This  is  indeed  a  fundamental  truth  of  which  we  should  never  lose  sight.  We  may  be,  for  the  moment,  satisfied  with 
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our  solution  of  a  problem  in  technical  industry;  we  may  be  able  to  see  nothing  better,  and  yet  we  may  be  well  assured 
that,  as  a  simple  matter  of  fact,  there  is  something  better.  This  is  a  perfectly  safe  assertion,  if  only  as  based  on  the 
law  of  probability  of  our  having,  at  any  given  time,  reached  the  final  optimum  possible  combination  capable  of  furnish¬ 
ing  a  solution  of  the  problem. 

Thus,  as  applied  to  the  problem  of  constructing  the  framework  of  the  fuselage  of  an  airplane  or  of  combining  together 
wing  spars  and  ribs  in  such  a  manner  as  to  form  a  wing  skeleton,  we  may  be  sure,  however  good  our  present  practice 
may  be  and  however  satisfactory  it  may  seem,  that  in  reality  it  is  not  the  best,  and  that  long  series  of  better  solutions 
only  await  our  intelligent  and  patient  study. 

In  this  and  in  all  such  problems  there  are  always  two  fairly  distinct  though  interrelated  parts: 

(a)  What  materials  are  best  suited  to  the  purpose  in  view. 

( b )  What  disposition  shall  be  made  of  the  materials  adopted. 

Thus,  in  the  case  of  the  fuselage,  granting  wood  material  be  adopted,  there  remains  the  question  as  to  the  very 
best  distribution  of  such  material  as  between  the  main  longitudinal  elements,  or  longerons,  and  the  intermediate  ele¬ 
ments;  also  as  to  the  extent  to  which  reliance  may  be  placed  on  the  outer  covering,  especially  if  of  plywood.  What 
airplane  designer  can  feel  sure  that,  even  with  given  materials,  he  has  reached  the  optimum  distribution  of  function 
as  between  the  main  and  secondary  elements  of  the  fuselage  and  of  a  plywood  outer  covering. 

Much  less,  what  airplane  designer  can  feel  any  confidence  in  having  now  reached  an  optimum  combination,  once 
we  admit  the  possibility  of  metal  construction  or  of  some  combination  of  metal  and  wood,  with  all  the  possibilities  of 
the  new  light  metal  alloys  and  of  the  new  alloy  steels  with  their  astonishing  physical  characteristics? 

So  far  as  conditioned  by  the  application  of  the  ordinary  loading  tests,  static  in  character,  and  aside  from  the  possible 
results  of  dynamic  attack,  shock,  long-continued  vibration,  etc.,  we  may  perhaps  frankly  admit  that  the  present  state 
of  metallurgy  is  able  to  supply  us  with  material,  either  in  the  way  of  light  aluminum  alloys  or  special  steel  alloys, 
which,  if  properly  used,  will  enable  us  to  meet  all  such  static  tests  in  airplane  construction,  and  on  even  terms  or  better 
as  regards  weight  compared  with  wood. 

If  such  is  the  case,  it  certainly  stands  before  us  as  a  problem  for  the  near  future  to  pass  in  review  most  thoroughly 
the  entire  range  of  constructive  materials,  metallic  as  well  as  wood,  and  to  determine,  in  the  light  of  the  experience 
which  we  are  so  rapidly  accumulating  during  these  days  of  storm  and  stress  in  military  aeronautics,  the  combinations 
of  materials  which  may  6erve  to  give  the  most  efficient  service  on  the  minimum  of  weight. 

In  connection  with  this  search  for  new  and  better  materials  must  go  hand  in  hand  search  for  better  modes  of  com¬ 
bination  in  the  structure  in  other  words,  better  structural  design.  It  goes  without  saying  that  the  best  general  type 
of  design,  in  the  way  of  the  distribution  of  materials,  forms  and  proportions  of  members,  etc.,  will  vary  with  the  class 
of  material  employed.  There  must  be  some  optimum  design  with  wood.  There  will  likewise  be  another  and  undoubt¬ 
edly  a  different  optimum  design  in  the  case  of  steel,  and  again  different  in  the  case  of  aluminum  or  other  alloys.  Thus 
the  search  for  the  best  final  combination  is  a  search  for  an  optimum  optimorum;  for  the  best  possible  material  and  for 
the  best  possible  design  using  such  material. 

What  order  of  saving  may  be  looked  for  in  the  near  future  from  any  such  search  it  is,  of  course,  idle  to  predict. 
Could  we,  however,  approacn  somewhat  closely  to  the  best  use  of  the  best  combination  of  materials  even  now  available 
in  the  field  of  engineering  construction  and  without  waiting  for  new  and  superior  materials  which  the  metallurgical 
art  will  doubtless  be  able  to  furnish,  it  seems  not  unreasonable  to  anticipate  the  possibility  of  a  marked  saving  in  weight 
without  loss  in  strength  or  security. 

This,  then,  stands  out  as  one  of  the  great  problems  of  aeronautical  engineering— that  of  the  best  materials  and  of 
their  best  use.  Much  has  already  been  done,  but  much  yet  remains,  and  rich  rewards  most  assuredly  await  patient 
and  well-directed  work  in  this  field. 

THE  PROBLEM  OF  SIZE. 

One  of  the  most  interesting  of  the  problems  presented  to  the  aeronautical  engineer  is  that  of  the  limiting  size  and 
carrying  capacity  of  airplanes.  Is  there  such  a  limit?  If  so,  what  is  it?  Why  is  it?  And  how  may  it  be  removed 
or  extended? 

In  dealing  with  this  problem  we  come,  of  necessity,  into  contact  with  the  laws  of  similitude  of  geometrically  similar 
structures.  It  is  well  known  that  under  simple  modes  of  loading  geometrically  similar  structures  of  wing  and  fuselage 
will  have  similar  factors  of  safety  under  equal  unit  loads.  But  for  such  structures,  if  strictly  similar  geometrically,  the 
weights  themselves  will  increase  as  the  cubes  of  the  similar  dimensions,  while  the  areas  of  wing  or  supporting  surfaces 
will  only  increase  as  the  square,  and  hence  the  ratio  of  weight  to  area  will  continuously  increase  as  the  linear  dimension. 

In  these  circumstances  it  is  readily  shown  that  in  accordance  with  the  relation  of  the  factors  involved  there  will 
be,  for  any  given  speed,  some  size  for  which  the  lifting  capacity  over  and  above  the  structure  itself  will  be  a  maximum 
and  above  which  the  lifting  capacity  over  and  above  the  structure  will  become  less  and  less  with  increase  in  size,  grad¬ 
ually  reaching  zero  for  some  value  of  the  size  of  the  structure.  This  would  mean  that  at  such  point  the  supporting 
force  developed  at  the  speed  in  question  would  be  just  enough  to  lift  the  structure  itself  from  the  ground  but  with 
no  reserve  for  additional  load. 

This  is,  of  course,  a  definite  law  derived  from  well-known  principles  of  geometry  and  calculus,  and  if  it  were  the 
whole  story  it  would  indeed  tend  to  raise  an  insuperable  bar  before  continued  expansion  in  size.  If  such  were  the  case, 
it  would  mean  in  effect  that  increase  in  lifting  capacity  could  only  be  reached  by  the  following  measures: 

(1)  Reducing  to  a  minimum  the  relation  of  weight  of  structure  to  area.  That  is,  general  improvement  in  the 
program  of  design  and  reduction  of  weight  of  structure  in  relation  to  supporting  surface. 
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(2)  Reducing  to  a  minimum  the  resistance  of  the  plane  at  the  given  speed  and  likewise  the  relation  of  weight  to 
horsepower. 

(3)  Raising  to  a  maximum  the  relation  of  lifting  force  to  area,  consistent,  however,  with  the  decrease  of  the  total 
propulsive  resistance  of  the  plane. 

Were  we  indeed  subject,  without  recourse,  to  the  operation  of  this  law  of  mechanics  and  geometry,  we  should  be 
in  a  sorry  state  regarding  the  future  development  of  the  airplane  as  regards  size  and  carrying  capacity.  We  should  be 
limited  strictly  within  the  bounds  of  the  developments  made  possible  by  improvements  and  advances  along  the  lines 
as  indicated  above.  But,  fortunately  for  the  future  of  aerial  navigation,  we  are  not  so  limited,  and  there  seems  no  reason 
why,  at  the  present  time  at  least,  we  should  need  to  anticipate  any  special  limit  as  necessarily  imposed  on  airplane 
construction  as  regards  either  size  or  carrying  capacity. 

We  are  able  to  escape  from  the  consequence  of  this  law  due  to  two  facts: 

(1)  It  is  not  necessary  that  a  large  element  of  an  airplane,  a  wing  in  particular,  should  be  geometrically  similar 
in  structural  characteristics  to  a  small  one.  For  a  certain  size  the  structural  elements  will  partake  of  certain  charac¬ 
teristics.  As  the  over-all  size  increases,  these  elements  may  take  on  new  characteristics.  Those  which  had  been 
solid  may  now  become  hollow  or  of  lattice  or  built-up  form.  The  law  of  geometrical  similitude  will  not  hold  and  the 
weight  will  not  necessarily  increase  in  ratio  with  the  cube  of  the  over-all  linear  dimensions. 

(2)  It  is  by  no  means  necessary  that  a  large  airplane  shall  be,  in  its  general  form,  a  geometrical  copy  of  a  small 
one.  While  both  will  have  similar  elements,  such  elements  need  not  be  the  same  in  number  or  arrangement.  In  fact, 
one  of  the  most  obvious  of  means  for  increasing  lifting  power  is  to  increase  the  number  of  the  wings  or  lifting  elements. 
There  is  no  reason,  at  least  structurally,  why  wings  and  connecting  elements  should  not  be  increased  in  number  beyond 
anything  now  in  use  or  even  considered — increased  to  a  point  which  would  give  a  size  and  lifting  power  great  enough 
to  meet  any  demands  which  we  can  now  formulate  or  which  the  future  seems  likely  to  present. 

Structurally,  therefore,  the  problem  of  increased  size  presents  three  problems,  as  follows: 

(1)  The  structural  problem  of  so  developing  the  character  of  the  elements  of  airplane  construction,  such  as  wing 
spars,  longerons,  struts,  ribs,  etc.,  that  with  increase  in  over-all  dimension  the  weight  shall  not  increase  sensibly  faster 
than  as  the  square  of  such  dimension. 

(2)  The  structural  problem  of  combining  the  larger  elements  of  airplane  construction,  such  as  wings,  fuselages, 
or  engine  nacelles,  with  their  connecting  structures,  in  such  manner  as  to  secure  for  a  given  wing  area  the  minimum 
weight  of  secondary  structure. 

(3)  The  aerodynamic  problem  of  combining  multiple  wing  elements  in  such  manner  as  to  reduce  to  a  minimum 
the  interference  of  one  with  another.  This  is  a  problem  which  opens  fascinating  possibilities  to  the  student  of  experi¬ 
mental  aerodynamics — a  problem  on  which  already  some  beginnings  have  been  made  but  one  far  from  a  final  or  as  yet 
wholly  satisfactory  solution  and  one  on  which  the  future  development  of  greatly  increased  size  and  carrying  capacity 
seems  destined  to  largely  depend. 

In  short,  then,  so  far  as  increase  in  size  is  concerned,  there  seems  no  reason  to  apprehend  any  particular  limit  or 
any  serious  difficulty  on  the  part  of  the  scientist  and  the  engineer  in  meeting  the  demands  of  the  future  in  these  respects. 
The  difficulties  seem  no  greater  than  those  which  have  been  overcome  in  the  case  of  ocean  shipping  as  shown  by  the 
continuous  development  from  the  early  beginning  of  the  application  of  engine  power  to  ocean  navigation  during  the 
first  half  of  the  last  century  down  to  the  mammoth  floating  structures  of  the  present  time;  and  if  we  may  take  any 
indication  from  the  accelerated  rate  of  progress  which  has  characterized  the  entire  history  of  aerial  navigation,  we 
may  feel  confident  that  we  shall  not  have  to  wait  a  half  or  three-quarters  of  a  century  for  a  parallel  development  in  the 
latter  field. 

VARIABLE  WING  AREA  OF  VARIABLE  WING  CAMBER. 

To  mention  only  one  of  the  many  remaining  problems  which  are  connected  -with  the  design  and  construction  of 
the  airplane  itself,  a  word  may  be  said  with  regard  to  the  problem  of  variable  wing  area.  Broadly  speaking,  the  ideal 
airplane  should  be  able  to  change  its  wing  area  in  accordance  with  the  conditions  and  circumstances  of  flight.  For 
ease  in  getting  off  the  ground  at  a  moderate  speed,  for  ease  in  landing  likewise  at  a  moderate  or  low  speed,  there  is  need 
of  a  relatively  large  area  of  wing  or  supporting  surface.  For  the  attainment  of  high  speed ,  reduced  wing  areas  are  needed , 
and  are,  furthermore,  sufficient  for  the  support  of  the  weight  at  such  high  speeds.  The  supporting  force  gained  by  a 
given  form  of  airplane  wing  depends  on  the  area,  the  speed,  and  the  angle  of  attack,  and  there  will  be  some  combina¬ 
tion  best  for  each  set  of  conditions.  To  meet  these  conditions,  varying  from  time  to  time  throughout  the  course  of 
a  flight,  a  correlative  variation  in  wing  area  is  needed. 

To  some  extent  the  same  ends  may  be  met  by  changing  the  camber  or  curvature  and  form  of  the  fore  and  aft  section 
of  the  wing. 

Thus,  when  the  camber  or  fore  and  aft  curvature  is  increased ,  the  form  will  be  more  suitable  for  landing  at  a  reduced 
speed,  while  the  curve  flattened  and  camber  reduced  the  form  will  more  readily  favor  the  attainment  of  relatively 
high  speed. 

The  problem  of  an  adjustable  wing,  either  as  to  extent  of  area  or  camber  or  both,  is  a  favorite  one  with  students 
of  aeronautics,  and  we  may  hope  for  some  measure  of  useful  and  practical  solution.  Thus  far,  of  the  many  devices, 
and  forms  proposed ,  none  has  so  far  fully  justified  itself  as  an  altogether  satisfactory  and  practical  solution  of 
the  problem. 
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MOTIVE  POWER. 

Passing  now  to  the  motive  power  and  its  application  to  the  propulsion  of  the  airplane,  a  most  interesting  and  im¬ 
portant  series  of  problems  challenges  our  attention.  Only  the  more  important  can  be  noted  here. 

Fuel . — One  of  the  most  important  of  these  is  that  of  fuel.  What  is  to  be  the  future  fuel  for  the  airplane  or  for 
aerial  navigation  in  its  wider  aspects?  How  long  will  our  stores  of  crude  petroleum  oil  from  which  we  now  obtain 
our  petrol  or  essence  of  petrol,  as  it  is  variously  termed,  continue  to  furnish  this  all-important  element  in  the 
present  program  of  power  development?  Doubtless  there  are  large  stores  of  petroleum  oils  yet  undiscovered,  but 
we  may  safely  assume  that  we  are  using  up  a  supply  in  the  nature  of  a  bank  deposit.  We  are  using  our  principal 
and  not  living  on  the  interest.  So  far  as  we  know,  nature  is  not  now  engaged  in  making  for  us  petroleum  oils,  cer¬ 
tainly  not  in  any  proportion  to  our  rate  of  expenditure.  To  such  a  general  program  of  consumption  there  is,  of 
course,  but  one  end — ultimate  exhaustion.  This  is,  of  course,  only  one  phase  of  the  overshadowing  menace  which 
the  modern  social  and  industrial  world  must  face  some  time  when  our  present  supply  of  carbon  and  hydrocarbon 
fuels  begins  to  become  exhausted,  unless,  indeed,  we  develop  or  discover  in  the  meantime  some  other  source  of 
energy  which  will  adequately  take  their  place.  This  is  perhaps  a  question  which  need  not  seriously  concern  the 
present  generation,  but  when  we  take  a  long  look  ahead — a  look,  for  example,  as  that  covered  by  the  development  of 
Europe  from  the  days  of  the  Cassars  or  even  from  the  time  of,  say,  Galileo — we  may  realize  with  startling  emphasis  the 
need  of  foresight  -with  regard  to  a  source  of  energy  adequate  to  the  world’s  demands.  Various  ages  have  been  designated 
as  of  stone,  bronze,  etc.  The  present  might  well  be  designated  as  that  of  natural  energy.  Our  entire  civilization, 
in  a  material  sense,  rests  upon  the  utilization  of  sources  of  natural  energy  which  are  not  inexhaustible  and  which 
are,  in  fact,  becoming  exhausted,  in  some  cases,  with  menacing  rapidity.  In  the  meantime  we  must,  and  pre¬ 
sumably  we  shall,  make  some  shift  to  tap  efficiently  other  sources  now  known,  or  we  may  haply  discover  sources 
which  to-day  lie  beyond  our  present  vision. 

A  long  look  ahead  for  aerial  navigation  therefore  shows  that  if  the  present  line  of  development  is  to  continue  there 
will  be  a  serious  problem  to  be  met  sometime,  and  that  perhaps  before  many  decades — the  problem  of  a  fuel  suited  to 
the  needs  of  aeronautical  prime  movers,  at  a  time  when  present  petroleum  sources  will  no  longer  yield  the  supply 
which  we  now  accept  and  use  with  so  little  thought  for  the  morrow. 

But  with  regard  to  the  question  of  fuels  we  need  not  go  so  far  afield  as  to  look  into  the  coming  decades  for  inter¬ 
esting  and  important  problems.  Perhaps  the  one  most  pressing  for  present  solution  is  the  question  of  what  is  the  best 
fuel  for  the  modern  aviation  engine,  having  in  view  the  three  requirements — power,  economy,  with  reliability  and  dura¬ 
bility.  Out  of  the  exigencies  of  the  present  war  have  come  many  serious  and  extended  researches  relating  to  the 
problems  of  military  aviation,  and  of  these  none  is  perhaps  of  greater  significance  regarding  the  future  of  commercial 
aviation  than  the  studies  which  have  been  made  regarding  aviation  fuels.  While  matters  relating  to  the  problems  of 
military  aeronautics  must  be  spoken  of  with  much  reserve,  it  'will  perhaps  be  permissible  to  say  before  this  audience 
that  from  these  studies  three  principal  results  seem  to  have  been  rather  definitely  established.  These  are — 

(а)  As  between  the  various  grades  of  aviation  motor  fuels  which  have  been  used  during  recent  years,  and  com¬ 
prising  a  rather  wide  range  of  composition  and  of  physical  and  technical  characteristics,  there  is  but  little  to  choose 
from  the  standpoint  of  power  or  economy  alone.  This  assumes,  of  course,  that  the  fuel  is  a  genuine  motor  fuel  and  the 
results  regarding  power  or  economy  relate  to  an  assumed  period  of  effective  operation  under  such  fuel.  It  must  not, 
however,  be  assumed  that  there  are  no  differences  in  power  or  economy  traceable  to  the  fuel  employed,  for  such  is 
far  from  being  the  case.  It  is,  however,  within  the  limits  of  reasonable  statement  to  say  that  such  differences  are 
relatively  small  and  in  most  circumstances  would  not  of  themselves  constitute  a  determining  or  controlling  factor. 

(б)  As  between  such  motor  fuels  marked  differences  do  seem  to  be  indicated  as  regards  their  influence  on  the  life 
and  reliability  of  the  motor,  especially  their  influence  on  long-time  tests  or  in  actual  service  on  long-time  flights. 

(c)  For  the  various  fuels,  in  order  to  realize  the  best  results  either  as  regards  power,  economy,  or  life  and  reliability, 
special  and  individual  carburetor  adjustments  are  necessary  and  such  as  can  only  be  determined  by  trial  under  actual 
working  conditions. 

It  may  perhaps  be  further  said  that  the  problem  of  an  excellent  and  reliable  motor  fuel  for  aviation  purposes  seems 
to  have  been  satisfactorily  solved.  Its  specifications  and  range  of  characteristics,  physical  and  chemical,  are  pretty 
well  established,  and  so  long  as  our  source  of  motor  fuel  supply  is  to  be  found  in  petroleum  derivatives,  we  seem  to 
have  reached  a  reasonably  satisfactory  determination  of  the  best  combination  of  such  derivatives  for  the  various  re¬ 
quirements  of  aviation  service.  These  characteristics,  which  must  be  considered  as  a  part  of  the  great  body  of  military 
information,  and  which  can  not  for  the  moment  be  put  down  in  plain  print,  we  may  hope  will  in  due  time  become 
available  in  the  arts  of  peace  and  for  the  development  of  commercial  aviation  in  its  various  fields  of  promise. 

With  the  problem  of  fuel  that  of  the  prime  mover  or  engine  is  closely  related.  Is  the  present  type  of  engine  to 
acontinue  or  is  it  only  a  passing  stage  to  some  more  perfect  form?  This  is  a  question ,  interesting,  indeed,  for  speculation 
but  hardly  to  be  considered  in  comparison  with  actual  present-moment  problems.  The  present  engine  and  its  appli¬ 
cation  to  the  propulsion  of  the  airplane  does,  furthermore,  present  no  lack  of  interesting  and  important  problems, 
and  among  these  a  few  of  the  more  pressing  may  here  be  noted. 

First,  the  problem  of  gross  power.  How  much  power  can  we  put  in  an  airplane  or  airship  of  no  matter  what 
type  or  form?  This  divides  immediately  into  three  subsidiary  problems,  as  follows: 

(1)  How  much  power  from  a  single  cylinder? 

(2)  How  many  cylinders  for  a  single  engine? 

(3)  How  many  engines  for  a  single  airship? 
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In  the  way  of  power  per  cylinder  we  are  now  reaching  close  about  40  horsepower  as  a  maximum. 

In  the  way  of  cylinders  per  engine  we  have  reached  a  stage  of  development  where  the  12-cylinder  engine  is  quite 
a  standard  type,  and  higher  numbers  such  as  16  and  18  represent  only  questions  of  detail.  It  is  not  too  much  to  say 
that  the  600-horsepower  engine  is  quite  within  the  reach  of  present  practice  and  may  be  realized  as  called  for.  We 
have  long  since  become  accustomed  to  two  and  three  engines  on  a  single  plane  and  are  now  seeing  four  engines  in 
various  recent  designs.  It  is  therefore  clear  that  if  a  power  plant  of  2,500  horsepower  on  a  single  structure  is  wanted, 
it  is  quite  within  the  scope  of  present  practice  to  realize  and  provide  such  a  plant. 

And  if  four  engines  of  500  or  600  horsepower  each,  there  is  no  reason  why  the  number  may  not  be  increased,  at 
least  to  a  point  beyond  the  present  apparent  need  for  power  on  a  single  structure. 

On  the  other  hand,  it  must  be  admitted  that,  having  in  view  the  limitations  of  present  practice,  the  most  simple 
and  in  fact  the  only  reliable  way  of  extending  power  is  by  a  multiplication  of  the  number  of  cylinders  rather  than  by 
an  increase  in  the  size  of  the  latter.  The  fact  that  a  2, 000-horsepower  equipment  would  presumably  require  from 
40  to  60  cylinders  shows  the  formidable  degree  of  multiplication  of  small  elements  required  to  realize  such  a  result. 
The  real  problem  of  size  or  capacity  of  engine  is  therefore  one  of  power  in  a  single  cylinder.  What  can  be  expected 
in  tliis  direction,  and  in  what  way  shall  search  be  directed? 

The  present  limitation  arises  largely  as  a  matter  of  cooling,  and  it  is  in  this  direction  that  search  may  well  be  made 
for  ways  and  means  of  effectively  increasing  the  power  capacity  of  a  single  cylinder  in  an  engine  of  the  aviation  type. 
This  is  a  problem  which  is  distinctly  outstanding  and  well  worth  our  serious  attention  and  study. 

The  carburetor. — Another  problem  connected  with  the  engine  is  that  of  the  carburetor.  At  the  start  of  aeronautic 
engineering  the  carburetor  naturally  took  its  initial  form  and  arrangement  from  the  already  fairly  well  developed 
automobile  engine  carburetor.  This  was  but  natural  since  both  engines  are  of  the  same  type  and  both  use  the  same 
general  form  of  fuel.  In  respect  of  the  conditions  of  operation,  however,  there  is  a  marked  and  important  difference. 
The  automobile  operates  at  or  near  a  fixed  level  and  hence  in  an  atmospheric  medium  of  sensibly  fixed  pressure  and 
density.  With  the  airplane  the  case  is  very  different.  The  latter  may  change  its  level  by  thousands  of  feet  in  a 
few  minutes  or  even  seconds,  as  in  vertical  or  nearly  vertical  dives,  rapid  spirals,  etc.  This  difference  in  the  con¬ 
ditions  or  operation  introduces  a  factor  of  distinct  significance  and  of  great  importance  in  the  design  and  disposition 
of  the  carburetor.  Experience  in  the  air  has  clearly  shown  the  importance  of  this  new  factor,  and  it  is  not  too  much 
to  say  that  the  problem  of  the  entirely  satisfactory  carburetor,  capable  of  automatically  answering  to  the  various 
atmospheric  conditions  under  which  it  must  work,  is  distinctly  an  outstanding  problem.  It  is  true  that  much  progress 
has  been  made,  and  as  the  result  of  laboratory  research,  checked  by  actual  experience  in  the  air,  we  now  know  much 
better  than,  say,  two  years  ago,  the  fundamental  conditions  which  must  be  met  by  the  carburetor  for  the  aeronautical 
engine.  The  present  solution  can  hardly  be  considered  as  final,  however,  and  we  may  fairly  admit  that  the  whole 
problem  of  carburetion,  including  the  manifold  supply  of  the  carbureted  mixture  to  a  multi-cylinder  engine,  should, 
as  soon  as  may  be,  receive  a  thorough  and  fundamental  restudy  in  the  light  of  the  information  to  be  drawn  from  the 
experience  of  the  past  three  or  four  years. 

Ignition. —Another  problem  which  we  should  view  as  outstanding  is  that  of  ignition.  It  is  true  that  ignition,  as 
now  realized  with  the  best  equipment,  seems  to  be  fairly  reliable  and  effective.  But  the  whole  programme  is  open 
to  the  objection  of  requiring  an  entire  electric  power  plant  of  a  highly  specified  type,  together  with  electric  conductors 
and  the  spark  plug  for  producing  the  spark  between  the  discharge  points  within  the  cylinder,  represents  a  very  com¬ 
plicated  and  highly  specialized  device  for  producing  the  initial  ignition  within  the  body  of  compressed  fuel  mixture. 
In  its  present  state  it  is  a  marvel  of  scientific  and  technical  development,  and  it  does  its  work;  but  it  is  complicated 
and  subject  to  many  possible  modes  of  derangement,  and,  as  we  all  know,  has  been  and  is  still  the  seat  of  some  of  the 
most  serious  of  the  engine  difficulties  to  which  the  power  plant  as  a  whole  is  subject. 

I  have  never  been  able  to  persuade  myself  that  this  exceedingly  complicated  and  specialized  auxiliary  equip¬ 
ment  was  to  be  the  final  solution  of  the  problem  of  producing  ignition  in  an  internal  combustion  engine.  If  we  can 
anticipate  the  explosion  engine  of  the  year  1968,  assuming  that  our  grandchildren  are  still  dependent  on  hydrocarbure 
fuels  at  that  date  (and,  furthermore,  that  they  are  still  available),  it  would  seem  as  though  some  more  direct  and  simple 
mode  of  initiating  the  combustion  in  the  cylinders  would  have  been  found.  Still,  otherwise,  we  may  say  that  on  the 
law  of  probability  the  chances  are  overwhelmingly  against  our  having  at  the  present  moment  developed  the  very 
best  method  of  ignition.  The  laws  of  physics  and  chemistry,  by  a  probability  which  almost  reaches  certainty,  con¬ 
tain  some  potential  combination  of  factors  which  will  permit  of  eliminating  much  of  the  complexity  and  delicacy  of 
adjustment  which  is  so  characteristic  a  feature  of  the  present  mode. 

It  is  perhaps  proper  to  add  here  that  studies  in  this  direction  have  already  been  made,  and  with  results  which 
offer  promise  of  interesting  developments  in  the  future.  The  path  of  perfection  is  likely  to  be  not  a  short  one,  how¬ 
ever,  and  we  can  see  no  prospect  of  any  development  in  the  to-morrow  of  progress  likely  to  displace  electric  ignition. 
There  must,  however,  be  some  better  way,  and  if  not  to-morrow,  then  some  other  morrow  should  see  it  made  available 
for  use. 

The  problem  of  ignition  is,  then,  one  which  is  distinctly  outstanding,  one  which  by  its  importance  merits  the 
most  careful  study,  and  one  which  at  least  offers  reasonable  ground  for  hope  of  a  successful  and  relatively  simple  sub- 
titute  for  the  present  mode. 
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MAINTENANCE  OF  POWER  AT  ALTITUDE. 

We  come  now  to  a  problem  of  the  very  highest  present  and  future  importance,  that  of  maintaining  the  power  of 
the  engine  at  high  altitude. 

The  situation  as  it  develops  in  the  case  of  an  airplane  mounting  to  higher  and  higher  levels  in  the  atmosphere 
is  readily  appreciated  with  a  moment’s  thought. 

The  power  of  the  engine  arises  from  the  combustion  of  vaporized  hydrocarbon  fuel.  The  power  per  cycle  for  a 
given  cylinder  will,  therefore,  to  a  first  approximation,  and  assuming  a  sensibly  constant  efficiency  of  thermodynamic 
transformation,  vary  directly  with  the  weight  of  the  fuel  which  can  be  burned  per  cycle.  But  this  in  turn  depends 
upon,  and  is  conditioned  by,  the  amount  of  oxygen  which  can  be  drawn  into  the  cylinder  per  intake  stroke  of  the  cycle. 
But  the  oxygen  is  brought  in  as  one  of  the  constituents  of  the  atmosphere,  and  hence  the  amount  of  oxygen  available 
per  intake  stroke  will  depend  upon,  and  be  directly  proportioned  to,  the  amount  of  air  which  can  be  drawn  in.  But 
in  terms  of  volume,  just  a  cylinder  full  or  more  exactly,  just  the  volume  represented  by  the  piston  displacement  in 
moving  from  one  end  of  the  stroke  to  the  other,  can  be  brought  in.  Hence  we  may  at  least  depend  on  what  we  may 
term  a  cylinder  volume  of  air,  no  matter  where  we  are.  But  just  here  arises  the  trouble.  The  actual  weight  of  air 
depends  conjointly  on  the  volume  and  on  the  density,  and,  unfortunately  for  the  aeronautical  engine  at  least,  the  density 
of  the  atmosphere  decreases  steadily  with  altitude,  so  that  at  15,000  feet,  for  example,  the  density  is  only  about  GO  per 
cent  of  the  normal  density  at  the  earth’s  surface.  It  is  clear,  then,  that  an  aeronautical  engine,  other  things  equal, 
will  draw  in  per  intake  stroke  only  about  60  per  cent  of  the  weight  of  air  at  this  altitude  as  compared  with  the  indraft 
at  the  earth’s  surface.  Hence  it  will  be  able  to  burn  only  60  per  cent  of  the  fuel  and  with  equal  efficiency  will  develop 
only  60  per  cent  of  the  power. 

But  here  we  must  stop  for  a  moment  and  inquire  as  to  the  effect  of  such  reduction  of  power  on  the  speed  of  the  air¬ 
plane.  \\  e  know  that,  other  things  equal,  the  resistance  of  an  airplane  to  propulsion  through  the  air  at  uniform  speed 
varies  directly  with  the  density  of  the  medium.  Hence  with  the  same  speed  as  when  near  the  surface  of  the  earth, 
and  at  the  same  altitude  and  angle  of  attack,  the  airplane  at  15,000  feet  elevation  would  experience  only  60  per  cent 
of  the  resistance,  require  60  per  cent  of  the  thrust,  and,  at  constant  revolutions  of  the  propeller,  60  per  cent  of  the  power 
from  the  engine.  It  appears,  therefore,  at  first  sight  as  though  we  had  lost  nothing  in  speed  by  the  reduction  of  the 
power  of  the  engine.  If  the  latter  has  been  reduced  to  60  per  cent  of  its  amount  at  low  levels,  so  has  the  resistance 
and  power  required,  so  that  the  speed  realized  should  remain  the  same. 

Such  would,  indeed,  be  the  case  if  this  were  all,  but  unfortunately  other  considerations  enter,  and  the  simple 
relation  of  uniform  speed  at  varying  altitudes  can  not  be  realized  without  compensating  features. 

Thus,  if  at  a  constant  speed  and  constant  angle  of  attack  for  the  wings  the  resistance  to  propulsion  is  only  60  per 
cent  as  great  at  the  altitude  of  15,000  feet  as  on  the  ground,  it  is  unfortunately  the  same  for  the  lifting  force  developed 
by  the  wings.  Ihis  also  is  only  60  per  cent  as  great,  while  the  weight  of  the  machine  remains  sensibly  constant  at  all 
altitudes.  Let  us  grasp  this  fact  clearly  that  while,  at  constant  speed  and  attitude  of  flight,  the  resistance,  the  lift,  and 
all  other  aerodynamic  forces  involved  vary  directly  with  the  density  of  the  air  and  decrease  with  the  altitude,  the 
weight  of  the  machine  and  the  lift  necessary  for  support  remain  sensibly  unchanged.  Hence  at  the  same  attitude  of 
flight  the  lifting  force  at  a  higher  altitude  and  under  the  same  speed  will  no  longer  support  the  plane,  and  unless 
something  is  done  it  would  be  unable  to  maintain  horizontal  flight  at  such  altitude. 

Two  courses  are,  then,  open  for  consideration,  as  follows: 

(1)  We  may  seek  to  increase  the  speed  until  at  such  increased  value  the  lift  will  equal  the  weight  of  the  plane. 
Undei  the  conditions  assumed  this  would  involve  an  increase  of  speed  of  about  30  per  cent,  thus  increasing  the  resistance 
to  propulsion  by  nearly  /0  per  cent,  or  bringing  it  back  to  its  value  at  low  altitude.  But  this  resistance  overcome  at 
the  increased  speed  would  mean  an  increase  in  the  required  horsepower  of  30  per  cent  as  compared  with  that  normally 
developed  at  low  level,  while  with  the  actual  indraft  of  air,  and,  even  allowing  for  the  increased  speed,  only  some  78 
per  cent  of  this,  or  60  per  cent  of  the  needful  amount,  would  be  developed.  Hence  no  such  speed  could  be  realized 

and  the  support  of  the  unvarying  weight  in  the  rarefied  air  can  not  be  realized  in  this  manner,  and  must  be  sought 
otherwise. 

(2)  Instead  of  seeking  for  the  necessary  lift  by  increased  speed,  we  may  seek  it  by  changing  the  angle  of  attack— by 
changing  the  flying  attitude  of  the  plane  so  that  at  the  same  speed,  for  example,  the  lifting  force  will  be  greatly  increased  . 

I  n  this  manner  the  needful  lifting  force  may  indeed  be  realized.  But,  unfortunately,  with  the  increase  in 'lifting  force 
will  come  also  an  increase  in  head  resistance,  not  proportionally,  but  still  a  definite  increase.  This  will  mean  that  the 
actual  resistance  at,  say,  15,000  feet  elevation  will  be  greater  than  60  per  cent  of  that  at  low  elevation,  and  with  60  per 
cent  of  the  power  available  per  cycle  the  original  number  of  revolutions  can  not  be  maintained  and  a  reduction  in  speed 
will  result.  With  this  reduction  in  speed  will  come  a  further  loss  in  lifting  effect  and  need  for  a  further  change  in  the 
angle  of  attack  with  increased  head  resistance;  until  finally,  at  some  reduced  speed,  a  condition  will  be  found  where  the 
needful  support  for  the  weight  of  plane  may  be  realized  and  the  resistance  to  propulsion  can  be  met  by  the  thrust  or 
pull  developed  at  the  propeller.  In  these  conditions  horizontal  flight  again  becomes  possible,  but  at  a  speed  somewhat 
below  that  corresponding  to  low-altitude  conditions. 

In  addition  we  must  reckon  on  a  diminished  efficiency  of  the  engine  with  decreased  power,  and  with  the  probability 
of  a  loss  m  propeller  efficiency  with  the  resultant  change  in  speed.  Thus,  if  an  engine  is  primarily  designed  to  work 
at  its  best  efficiency  and  under  its  best  conditions  at  or  near  full  atmospheric  pressure  and  density,  it  will  not  work 
with  equally  good  efficiency  at  high  altitudes  in  rarefied  air  and  when  developing  onlv  about  oue-half  the  power  for 
which  it  is  primarily  designed. 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


39 


In  brief,  at  an  altitude  of,  say,  15,000  feet  the  plane  must  fly  at  a  less  advantageous  angle  of  attack  but  with  more 
resistance,  and  that  the  engine  will  be  able  to  burn  only  about  GO  per  cent  as  much  fuel  and  will  transform  the  resulting 
heat  less  effectively,  than  when  at  low  altitudes.  Therefore,  the  power  developed  will  be  less  than  60  per  cent  and 
insufficient  to  maintain  the  same  speed;  and  with  diminishing  speed  there  may  be  further  loss  of  efficiency  in  the 
propeller  and  a  further  loss  of  speed,  until  finally  matters  become  adjusted  at  some  value  usually  definitely  and  some¬ 
times  considerably  less  than  that  corresponding  to  low-level  conditions. 

As  an  over-all  practical  result  an  airplane  normally  loses  horizontal  speed  as  it  ascends  to  higher  altitudes. 

Confronted  with  this  fundamental  fact,  what  is  to  be  done?  Such  loss  of  speed,  especially  in  a  military  sense,  is 
or  may  become  very  serious,  and  one  of  the  large  and  definitely  outstanding  problems  in  aeronautical  engineering  at 
the  present  time  centers  about  the  possible  ways  and  means  of  meeting  this  condition. 

The  obvious  proximate  solution  is  to  avoid,  so  far  as  may  be,  the  decrease  in  the  amount  of  air  handled  per  intake 
stroke  of  the  piston  as  the  plane  ascends  to  higher  and  higher  altitudes. 

Broadly,  two  courses  are  open.  First,  we  may  definitely  and  frankly  design  the  plane  and  engine  for  a  certain 
desired  performance  at  a  given  altitude,  say  15,000  or  20,000  feet.  This  is  a  straightforward  problem  in  aeronautical 
engineering.  Given  the  desired  schedule  of  operation  and  the  altitude,  we  can  determine  the  resistance  to  be  over¬ 
come  and  the  horsepower  required,  and  can  design  the  engine  accordingly.  In  such  case  the  volume  of  the  cylinders 
will  be  suited  to  the  rarefied  air  in  which  the  engine  is  to  work,  and  all  proportions  and  details  will  be  worked  out  on 
this  basis. 

It  will  be  obvious  that  such  an  engine  will  have  much  too  large  a  piston  displacement  volume  when  at  low  altitude — 
that  is,  it  will  be  oversize  and  overpowered  relative  to  the  plane.  In  fact,  operation  near  or  on  the  ground  under  the 
same  adjustments  as  at  altitude  would  be  quite  out  of  the  question.  Means  must  therefore  be  provided  for  repro¬ 
ducing,  when  on  the  ground  or  at  low  altitudes,  substantially  the  operating  conditions  at  high  altitudes  and  low  air 
density — that  is,  the  conditions  for  which  the  engine  was  designed.  This  may  be  most  conveniently  done  by  throttling 
down  the  air  intake  so  that  while  air  at  or  near  full  sea  level  density  may  surround  the  engine,  it  will  be  reduced  in 
pressure  at  the  intake  throttle  to  such  a  degree  that  the  amount  actually  taken  into  the  cylinder  will  only  equal  that 
which  would  normally  enter,  without  throttling,  at  high  altitude. 

On  the  other  hand,  we  may  definitely  design  the  engine  for  operation  at  or  near  sea  level  and  with  size  of  cylinders 
and  all  proportions  and  adjustments  worked  out  accordingly,  and  then  by  a  supplementary  device  endeavor  to  maintain, 
or  to  nearly  maintain,  such  conditions  within  the  engine  itself  even  if  it  is  at  high  altitude  and  surrounded  by  air  of  a 
lower  density. 

This  solution  calls  for  some  supplementary  form  of  compressor  or  equivalent  device  which  Bhall  operate  on  the 
rarefied  air  as  a  first  stage  and  raise  it  from  the  low  pressure  characteristic  of  the  altitude  up  to  or  nearly  to  normal  low- 
altitude  pressure  and  density. 

Each  of  these  alternatives  represents  a  perfectly  possible  solution.  Each  has  its  special  advantages  and  disad¬ 
vantages.  Each  has  its  advocates  as  a  solution  of  this  important  problem. 

The  first  solution  is  the  simpler  of  the  two,  since  it  involves  no  special  or  additional  device  for  compressing  the  air. 
It  does,  however,  mean  extra  weight  in  the  engine  which  is  always  there  and  which  will  reduce  correspondingly  the 
net  carrying  capacity  of  the  plane. 

On  the  other  hand,  the  compressing  device  of  the  second  solution  is  not  easy  to  realize  satisfactorily  and  it  also 
involves  extra  weight,  though  presumably  less  than  in  the  case  of  the  first  solution.  Again,  its  operation  as  a  separate 
or  independent  unit  for  realizing  a  preliminary  compression  of  the  air  is  less  efficient  than  to  do  the  whole  compression 
in  the  engine  itself  and  by  the  engine  piston,  as  in  the  first  solution.  Only  extended  and  careful  trial  will  presumably 
be  able  finally  to  decide  which  is  on  the  whole  the  better  solution  of  the  two. 

The  reserve  necessary  with  regard  to  military  matters  makes  it  unwise  to  attempt  to  give  any  account  on  this  occasion 
of  just  where  the  matter  stands  with  regard  to  this  problem,  but  it  will  at  least  be  safe  to  note  that  it  is  a  problem  which 
is  attracting  much  attention  and  study  on  the  part  of  the  various  allied  Governments,  and  that  much  valuable  infor¬ 
mation  is  being  developed,  and  on  which  we  may  hope  that  some  satisfactory  solution  may  be  based. 

THE  AIR  SCREW. 

We  now  turn  our  attention  for  a  few  moments  to  one  of  the  most  intricate  and  interesting  of  the  many  problems 
presented  to  us,  that  of  the  air  screw  or  propeller. 

The  function  of  the  air  screw  is,  of  course,  to  take  the  torque  of  the  engine  and  to  transform  it  into  a  propulsive 
thrust;  or  otherwise  to  take  the  power  given  by  the  engine  to  the  crank  shaft  and  transform  it  into  driving  or  propulsive 
power  for  the  air  plane.  The  problem  is  further  complicated  by  the  fact  that,  expressed  in  terms  of  a  power  relation, 
it  is  not  simply  the  question  of  an  engine  handing  so  much  power  over  to  the  air  screw  for  the  latter  to  transform  into 
propulsive  power.  Instead,  the  power  which  the  engine  itself  can  develop  is  dependent  on  the  propeller  and  likewise 
on  the  airplane  tff  which  they  are  both  attached.  We  have  here,  in  consequence,  a  series  of  complicated  implicit 
relations,  and  from  which  the  propulsive  characteristics  of  the  plane-propeller-engine  combination  take  their  origin. 
In  fact,  it  must  never  for  a  moment  be  forgotten  that  the  moving  airplane  is  in  effect  an  airplane-motor-propeller  com¬ 
bination  and  that  no  one  of  the  three  can  be  determined  independent  of  the  other  two. 

Without  entering  into  any  detailed  discussion  of  this  problem,  it  will  be  clear  that  the  air  screw  will  exercise  a 
controlling  influence  on  the  power  which  the  engine  can  develop.  Thus,  it  is  evident  that  an  aeronautical  engine,  in 
order  to  develop  power,  must  be  permitted  to  move  its  pistons,  to  revolve  its  crank  shaft,  in  other  words,  to  make  revo- 
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lutions;  and,  other  tilings  equal,  the  power  developed  will  vary  directly  with  the  revolutions  which  can  be  realized. 
Again,  it  is  easy  to  see  that  the  size  and  amount  of  surface  of  the  air  screw  blades  will  present  a  controlling  feature 
regarding  the  revolutions  which  can  be  realized.  Thus,  the  air  screw  may  be  enormously  oversize,  too  large  in  diameter, 
and  presenting  a  large  and  unwieldy  surface  to  the  air.  Suppose  this  to  be  the  case  with  a  plane  of  size  suited  to  the 
air  screw  but  not  to  the  engine — that  is,  the  engine  is  far  too  small  for  either  air  screw  or  plane.  In  such  case  the  engine 
simply  will  not  be  able  to  make  its  normal  number  of  revolutions.  It  will  be  held  down  by  the  excessive  resistance  to 
rotation  presented  under  such  circumstances,  and  may  thus  develop  far  less  than  the  normal  power  which  it  is  capable  oi 
under  proper  conditions.  Many  other  combinations  may  occur  which  we  can  not  stop  to  discuss  or  even  to  mention. 
Broadly  speaking,  the  plane,  the  engine,  and  the  air  screw  as  the  propelling  agent  form  a  most  closely  knit  combi¬ 
nation,  and  each  interacts  in  a  more  or  less  controlling  manner  on  the  operation  of  the  other  two. 

In  order  even  to  make  a  start  with  the  problem  of  the  air  screw,  it  is  therefore  necessary  to  assume  conditions 
regarding  both  the  plane  and  the  engine.  If  these  conditions  as  assumed  are  then  realized  in  practice,  and  if  the  design 
has  been  well  carried  out,  the  anticipated  results  may  be  reached.  If,  on  the  other  hand,  the  assumed  conditions  are 
not  realized  as  regards  the  plane  and  the  engine,  then  no  matter  how  well  the  design  of  the  air  screw  may  have  been 
carried  out,  the  anticipated  results  will  not  be  realized.  No  matter  how  good  the  air  screw  may  be  by  itself,  no  matter 
how  carefully  designed  and  constructed,  no  matter  how  faithfully,  it  may  be  able  to  realize  the  conditions  for  which 
it  is  designed,  if  there  are  not  the  conditions  under  which  it  is  actually  placed  for  service,  the  results,  economic  and 
otherwise,  will  be  unsatisfactory;  not  necessarily  by  reason  of  any  fault  in  the  air  screw  as  such,  but  due  simply  to  its 
lack  of  adaptation  to  the  conditions  of  operation.  An  effective  air  screw  is  therefore  not  only  one  which  is  properly 
designed  and  constructed  in  itself,  but  also  one  which  is  permitted  to  operate  under  the  conditions  intended  and 
contemplated  in  the  design. 

The  general  problem  of  the  air  screw  is  by  no  means,  however,  to  be  classed  distinctively  as  outstanding.  Instead 
an  enormous  amount  of  work  has  been  done  on  it,  both  theoretically  and  experimentally,  and  in  its  main  features  it 
has  been  brought  fairly  within  the  limits  of  a  solved  problem.  There  have  been  three  modes  of  approach,  briefly  as 
follows: 

(1)  The  analysis,  geometrically,  of  the  blade  of  an  air  screw  into  a  series  of  elements  occupying  each  a  narrow 
strip  running  across  the  blade  from  leading  to  following  edge  and  making  up.  by  their  summation,  the  blade,  as  a  whole. 
Each  of  these  elements  or  strips  is  then  considered  as,  in  effect,  a  little  elementary  areofoil  and  for  which  the  usual 
aerodynamic  characteristics  are  readily  determined,  eith?r  by  direct  experiment  on  a  model  or  by  selection  or  inter¬ 
polation  from  and  among  the  large  amount  of  available  data  regarding  such  areofoils  which  have  already  been  sub¬ 
mitted  to  experimental  investigation.  With  such  data  in  hand  relating  to  the  series  of  elements  going  to  make  up 
the  blade,  it  is  a  matter  of  simple  computation  to  combine  them  in  such  manner  as  to  represent  the  action  of  the  blade 
as  a  whole,  under  the  conditions  assumed,  and  thus,  in  general  terms,  the  problem  is  solved. 

(2)  A  law  of  similitude  is  assumed  and  a  small  model  propeller  is  tested  out  experimentally  and  under  conditions 
which  permit,  under  the  law  of  similitude  assumed,  the  translation  of  the  observed  results  for  the  model  into  the 
probable  results  for  the  full-sized  air  screw. 

(3)  Full-sized  air  screws  are  tested  out  as  nearly  as  may  be  under  flying  conditions  and  are  made  the  ultimate 
basis  of  design. 

The  limitations  of  method  No.  1  arise  from  the  following: 

(а)  The  coefficients  derived  for  areofoils  correspond  to  straight  line  motion  between  the  air  and  the  foil,  whereas 
in  the  air  screw  the  relative  motion  is  in  a  helical  or  spiral  path. 

(б)  The  actual  velocities  for  which  such  coefficients  are  derived  are  usually  for  speeds  not  exceeding  60  or  70  miles 
per  hour,  whereas  the  actual  speeds  of  the  tip  elements  of  air-screw  blades  may  move  at  speeds  of  500  m.  h.  and  upward. 
The  extent  to  which  the  usual  square  of  the  speed  law  may  be  extended  to  such  values  is  not  as  yet  fully  known. 

(c)  The  coefficients  used  are  derived  for  the  various  areofoil  sections  or  elements  individually,  whereas  in  the  actual 
air  screw  they  all  act  conjointly  or  collectively  in  making  up  the  air-screw  blade. 

Application  of  method  No.  1  can  not  therefore  be  made  except  in  so  far  as  it  is  justified  by  actual  and  final  experi¬ 
ence  on  full-sized  forms  under  flying  conditions. 

Method  No.  2  (that  with  reduced-size  models )  has  the  limitation  that  the  law  of  similitude  employed  is  of  necessity 
not  exact  but  approximate,  and  the  degree  of  reliance  which  can  be  placed  on  results  thus  found  can  again  only  be 
determined  by  ultimate  reference  to  full-sized  forms  under  flying  conditions. 

Method  No.  3  (that  with  full-sized  forms  under  actual  flying  conditions)  has  the  limitation  of  very  high  cost,  both 
in  equipment  and  time,  and  as  a  result  of  which  only  a  relatively  small  number  of  forms  can  actually  be  subjected  to 
adequate  test  in  this  manner. 

Again,  method  No.  1  (that  of  computation  based  on  coefficients  determined  by  laboratory  experiment)  has  the 
advantage  of  requiring  only  a  pencil  and  pad  of  paper  with  a  table  of  predetermined  coefficients.  No.  2  (that  with  the 
small  models)  has  the  advantage  over  No.  3  of  relatively  small  cost,  of  permitting  the  tests  to  be  carried  out  in  a  wind 
tunnel  -with  all  conditions  under  control,  and  finally  to  permit  of  carrying  quickly  through  the  test  program  a  very  large 
number  of  types  and  forms.  It  should,  perhaps,  be  stated  here  that  as  between  methods  No.  1  and  No.  2,  the  latter  is 
accepted  as  much  the  more  reliable  of  the  two.  In  fact,  it  is  not  too  much  to  say  that  when  used  with  judgment,  it 
furnishes  a  very  satisfactory  and  well-nigh  universally  accepted  method  for  dealing  in  a  laboratory  way  with  most 
problems  of  air-screw  design  and  operation. 
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These  phases  which  thus  stand  out  represent  in  effect  the  lack  of  an  adequate  correlation  between  the  three  methods 
of  approach  as  above  described. 

It  is  obvious  that  if  we  could  develop  an  adequate  and  reliable  correlation  between  the  results  of  the  computation 
according  to  method  No.  1 .  and  the  final  test  under  Hying  conditions  according  to  method  No.  3 — if.  in  other  words, 
we  could  adequately  determine  the  error  of  No.  1,  and  hence  the  correction  to  be  applied  in  any  given  case,  then  a 
pencil  and  pad  of  paper  would  go  a  long  way  toward  furnishing  the  material  for  the  solution  of  the  problem  of  air-screw 
design,  once  that  we  are  permitted,  of  course,  to  assume  a  definite  set  of  operative  conditions. 

Or,  again,  if  we  could  know  more  accurately  and  more  widely  the  character  and  amount  of  error  to  be  anticipated 
in  the  use  of  the  small  models  according  to  method  2,  we  should  be  in  a  position  to  use  the  experimental  model  method 
with  better  assurance  of  definite  and  reliable  results  for  the  full-sized  screw  later  to  be  constructed. 

It  seems  likely  that  this  final  correlation  of  computation  with  ultimate  result  may  best  be  made  in  two  stages. 
The  first  should  comprise  a  careful  study  of  the  relation  between  the  results  derived  by  the  computations  of  method  1 
and  the  model  tests  of  method  2.  Such  a  correlation  would  then  permit  us  to  pass  readily  from  the  results  by  computa¬ 
tion  to  the  probable  results  by  model. 

The  second  correlation  should  then  comprise  a  series  of  comparative  tests  to  determine  with  sufficient  generality 
of  application  the  character  and  amount  of  correction  to  be  applied  to  the  results  of  model  test  in  order  to  satisfactorily 
reproduce  the  results  to  be  expected  from  full-sized  forms. 

This  would  by  no  means  require  the  testing  of  a  full-sized  form  corresponding  to  each  model.  If  so  there  would, 
of  course,  be  no  use  in  making  model  tests.  The  whole  program  might  as  well  be  carried  out  directly  by  tests  on  full- 
sized  forms.  It  appears  reasonable  to  expect,  however,  that  a  well-selected  and  not  too  numerous  series  of  tests,  prop¬ 
erly  distributed  among  the  various  characteristics  of  form  and  of  operation,  would  serve  adequately  to  give  the  corre¬ 
lation  desired. 

With  such  correlations  established  we  should  then  have  two  methods — Nos.  1  and  2 — available  for  the  design  of 
air  screws.  No.  1  available  with  no  more  than  a  pencil  and  pad  of  paper  (once  the  standard  section  coefficients  de¬ 
termined)  and  No.  2,  by  model,  ready  to  supply  a  vast  amount  of  detailed  information  regarding  operation  under 
varying  conditions,  and  which  may  be  realised  rapidly  and  effectively  once  the  model  is  made. 

If  we  have  spent  so  much  time  over  these  matters  relating  to  the  air  screw,  it  is  because  of  its  importance  as  an 
element  in  aerial  navigation,  and  in  order  that  we  may  the  better  note  just  what  part  of  the  general  problem  is  still 
outstanding. 

This,  as  we  have  seen,  lies  primarily  in  the  matter  of  the  correlation  between  the  three  methods  outlined,  "there 
is,  indeed,  need  for  continuing  experimental  research,  especially  on  systematically  selected  forms,  both  model  and 
full  size:  and  such  continuing  experimental  work  combined  with  carefully  directed  studies  of  correlation  will  go  far 
toward  giving  us  an  assured  and  adequate  basis  for  the  practical  solution  of  the  air-screw  problem  as  applied  to  aerial 
navigation. 

Reaction  between  air  screw  and  plane. — Perhaps  the  widest  and  most  important  outstanding  problem  in  connection 
with  airplane  propulsion  has  relation  to  the  reaction  between  the  plane  and  the  propeller — the  influence  of  the  struc¬ 
tures  adjacent  to  the  propeller  on  its  performance,  economic  and  otherwise,  and  the  influence  of  the  propeller  on  the 
plane,  both  as  regards  its  lift  and  its  net  resistance  to  propulsion.  This  is  a  field  which  is  largely  outstanding.  It 
must  be  attacked  chiefly  by  the  experimental  method — by  model  with  results  checked  up  by  comparison  with  full 
scale  trials  so  far  as  practical. 

Multiple  air  screvjs  on  one  shaft. — Of  a  closely  related  nature  is  the  problem  of  the  interaction  of  two  or  more  air 
screws  on  one  shaft.  This  is  a  problem  which  is  becoming  of  importance  in  connection  with  the  increase  in  power  of 
airplane  power  plants  and  with  the  fitting  of  more  than  one  air  screw  on  the  same  shaft. 

This  likewise  is  a  problem  which  must  be  approached  experimentally — again  through  model  research  checked  up 
by  comparison  with  full  scale  tests.  A  beginning  has  been  made  on  this  most  important  and  interesting  problem, 
and  we  may  expect  in  a  not  distant  future  to  find  it  brought  within  limits  of  control  similar  to  those  surrounding  the 
problem  of  the  individual  air  screw. 

Air  screw  with  adjustable  pitch. — In  addition  to  these  problems  which  relate  to  airplane  propulsion  in  its  general 
aspect,  and  more  especially  when  for  the  sake  of  simplicity  we  assume  that  the  airplane  remains  under  a  uniform  regi¬ 
men  as  regards  external  conditions,  there  arises  a  problem  of  very  great  present  importance,  that  of  some  form  of  adjust¬ 
ment  in  the  technical  characteristics  of  the  plane  as  a  whole  permitting  it  to  be  made  responsive  to  variations  in  the 
regimen  of  operation,  as,  for  example,  change  in  the  density  of  the  air  due  to  change  in  altitude,  or  change  of  regimen 
required  for  climbing  flight  as  compared  with  horizontal  flight. 

In  connection  with  the  prime  mover,  mention  was  made  of  the  very  important  problem  of  maintaining  power  at 
altitude  in  spite  of  the  decrease  in  the  density  of  the  air.  In  reality  this  problem  is  very  intimately  bound  up  with 
another  of  scarcely  less  importance,  that  of  devising  means  for  effectively  using  such  power  for  propulsive  purposes. 
Without  attempting  any  technical  discussion  of  the  question  it  will  be  apparent  that  the  whole  problem  of  the  opera¬ 
tion  of  the  air  screw  as  a  means  for  absorbing  the  power  of  the  prime  mover  and  converting  it  into  the  propulsion  of  the 
plane  will  depend  on  the  density  of  the  medium  in  which  and  on  which  it  operates.  Again ,  in  climbing  flight  a  part 
of  the  weight  of  the  airplane  is  carried  by  the  pull  or  thrust  of  the  air  screw.  In  horizontal  flight  it  is  all  borne  by 
the  planes  (assuming  the  air-screw  shaft  then  horizontal).  Hence  the  pull  or  thrust  of  an  air  screw,  and,  indeed,  its 
whole  regimen  of  operation,  may  vary  widely  according  as  the  plane  is  climbing  or  flying  horizontally.  It  thus  seems 
reasonable  to  conclude  that  for  the  best  results  there  should  be  provided  some  mode  of  adjustment  or  compensation 
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so  that  the  air  screw,  as  it  finds  itself  operating  in  a  medium  of  continuously  decreasing  density,  or  as  it  finds  itself 
called  upon  for  varying  amounts  of  thrust  or  pull  \nth  varying  angles  of  climbing  flight,  may  be  correspondingly  adjusted 
in  order  to  give  continuously  the  best  results. 

The  problem  is  further  complicated  by  the  fact  that  the  airplane  itself  needs  a  correlative  adjustment.  As  we 
have  already  seen,  the  one  factor  in  aerial  flight  which  remains  sensibly  constant  under  all  conditions  and  at  all  alti¬ 
tudes  of  flight  is  the  weight  of  the  plane  and  its  equipment.  The  vertical  supporting  force  gained  from  the  reaction 
of  the  air  must,  therefore,  be  maintained  constantly  equal  to  this  weight  at  least  for  the  conditions  of  horizontal  flight, 
while  for  climbing  flight  the  weight  will  be  divided  and  borne  partly  by  the  supporting  planes  and  partly  by  the  air 
screw.  The  problem  of  the  economic  use  of  power  at  varying  altitudes  and  under  varying  angles  of  climbing  flight 
involves,  therefore,  the  following  chief  elements: 

The  weight  of  the  plane. 

The  surface  of  the  wings  and  their  aerodynamic  characteristics. 

The  angle  of  attack  of  the  wings. 

The  speed. 

The  power  developed  by  the  engine. 

The  revolutions  of  the  air  screw. 

The  area  and  form  of  the  blades  of  the  air  screw. 

The  pitch  of  the  air  screw. 

These  various  factors  react  and  interact  in  a  most  complex  manner,  and  any  attempt  to  discuss  the  problem  in 
detail  would  carry  us  too  far  afield  on  the  present  occasion.  We  may  note,  however,  that  the  angle  of  attack  is  the 
one  feature  about  the  plane  which  may  readily  be  varied,  Avhile  there  is  no  feature  of  the  propulsive  agent,  the  ordinary 
air  screw,  which  admits  of  equally  simple  correlative  variation.  What  is  needed  with  regard  to  the  air  screw  is,  indeed, 
some  means  of  realizing  an  adjustment  correlative  to  the  change  in  the  angle  of  attack  for  the  plane.  To  this  end  a 
change  of  pitch  is  most  suitable,  some  means  of  varying,  at  the  will  of  the  pilot,  the  pitch  of  the  screw  in  order  that, 
with  the  fixed  diameter  and  area  of  surface,  and  with  the  work  available  per  revolution  of  the  engine  as  affected  by  the 
density  of  the  air,  the  pitch  may  be  so  adjusted  as  to  secure  the  number  of  revolutions  best  adapted  to  the  economic 
use  of  the  power  given  out  by  the  prime  mover.  This  will  then  insure  the  thrust  needed  to  overcome  the  resistance 
of  the  plane  at  the  angle  of  attack  and  speed  which  taken  conjointly  will  give  the  lifting  force  needed  to  support  the 
weight  of  the  plane,  either  in  whole  or  in  part,  according  as  the  plane  is  flying  horizontally  or  climbing. 

All  of  this  somewhat  complicated  statement  means  simply  that  what  is  wanted  is  an  air  screw  wi  th  blades  adjustable 
for  pitch.  Such  an  airscrew  maybe  realized  by  so  pivoting  the  blades  that  they  may  be  turned  about  a  radial  axis, 
thus  changing  their  angle  relative  to  the  axis  of  the  screw  itself.  Extreme  changes  of  such  a  character  result  in  a  very 
wide  variation  of  pitch  from  root  to  tip,  and  in  the  end  will  result  in  a  serious  loss  of  efficiency.  There  are,  therefore, 
two  problems  involved : 

(1)  The  aerodynamic  problem  of  determining  the  best  form  and  proportions  of  an  air  screw,  the  blades  of  which 
are  intended  to  be  pivotable  in  this  manner,  so  that  under  the  widely  changing  conditions  of  flight  which  may  be 
met  with,  there  may  be  effective  operation  and  a  well-sustained  efficiency. 

(2)  The  mechanical  problem  of  so  designing  and  building  an  air  screw  with  adjustable  blades  that  it  will  meet  the 
rigorous  requirements  imposed  upon  it  by  the  exacting  conditions  of  airplane  navigation. 

It  is  perhaps  not  too  much  to  say  that  the  first  problem  is  already  well  in  hand.  We  know  reasonably  well  what 
forms  and  proportions  to  give  to  such  an  air  screw,  and  if  it  was  only  a  matter  of  design  or  of  the  determination  of  form 
and  proportion  the  problem  could  hardly  be  called  outstanding. 

As  much  can  not  be  said  regarding  the  second  problem.  The  practical  construction  of  an  air  screw  with  adjustable 
blades  is  not  an  easy  matter.  Several  modes  of  construction  have  been  attempted  but  with  only  moderate  success. 
The  problem  is  clearly  defined ,  of  the  highest  order  of  importance,  and  is  outstanding  as  one  of  the  appliances  for  -which 
the  art  of  aerial  navigation  is  definitely  in  waiting. 

STABILITY  AND  CONTROL. 

The  three  fundamental  requisites  of  an  airplane  are  strength,  movement,  and  stability  with  control.  We  have 
noted  some  of  the  problems  arising  under  the  requirements  of  strength  and  movement  or  propulsion.  We  may  now 
turn  very  briefly  to  a  glance  at  the  situation  regarding  stability  and  control.  Any  detailed  discussion  of  these  problems 
would  be  quite  out  of  the  question  on  the  present  occasion,  and  time  in  any  event  will  only  allow  us  a  brief  glance  at 
the  general  situation. 

Regarding  stability  and  control  it  is  not  too  much  to  say  that  the  general  principles  underlying  these  character¬ 
istics  of  an  airplane  are  now  reasonably  well  understood,  due  largely  to  the  splendid  theoretical  and  experimental 
investigations  initiated  by  British  scientists,  and  to  which  certain  workers  in  the  same  field  in  the  United  States 
may  have  contributed  something,  and  by  no  means  overlooking  certain  important  contributions  by  French  and  Italian 
investigators.  These  investigations,  both  analytical  and  experimental,  have  placed  the  study  of  these  subjects  on  a 
reasonably  sure  foundation,  and  have  served  to  mark  out  the  way  to  secure  any  desired  degree  of  stability  which  may 
be  desired  or  which  may  be  consistent  with  other  valuable  qualities.  We  are  here  confronted  with  one  of  those 
situations  so  frequently  encountered  in  scientific  and  technical  work,  where  a  choice  must  be  accepted  on  some  middle 
ground  between  wide  extremes,  and  where  the  attempt  to  secure  some  desirable  quality  in  high  degree  may  lead  to  a 
limitation  of  desirable  qualities  in  other  directions. 
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So  it  is  with  stability  and  control.  If  stability  is  carried  to  an  extreme,  then  mobility  and  quickness  of  maneuvering 
are  reduced  and  control  in  the  sense  of  ready  response  is  lacking.  For  military  purposes,  especially  for  machines  of 
the  fighting  type,  where  mobility  is  of  the  highest  importance,  this  would  be  a  serious  shortcoming,  and  hence  such 
machines  can  not  be  given  too  much  stability  in  the  ordinary  sense  of  the  term.  On  the  other  hand ,  for  heavy  machines 
of  the  bombing  type,  where  mobility  of  evolution  is  not  so  vitally  important,  the  margin  of  stability  may  be  greater. 
Going  to  a  still  further  extreme,  it  is  perfectly  easy  to  build  a  safe,  moderate  speed  family  carriage  sort  of  machine, 
which  will  be  stable  and  secure  under  almost  any  conditions  likely''  to  develop.  Such  machines  would  be  scorned  by 
fighting  pilots,  but  when  civil  aeronautics  begins  to  come  into  its  own  after  the  war  and  under  peace  conditions,  and 
there  comes  a  demand  for  safe  machines  for  civil  purposes,  including  family  outings  for  the  week  end  from  the  city  to 
the  country  or  to  theseacoast,  then  we  may  anticipate  a  larger  recognition  of  the  qualities  making  for  safety  and  stability, 
and  we  shall  find  machines  provided  having  such  characteristics  and  in  practically  any  desired  degree.  Here  again, 
however,  there  will  be  degrees  of  choice,  because  it  will  be  found  that  with  too  high  a  degree  of  stability  what  may 
be  termed  the  riding  qualities  of  the  plane  will  be  poor,  while  with  low  stability  the  riding  qualities  may  be  much 
smoother. 

The  general  problem  is,  therefore,  pretty  well  solved ,  so  far  as  the  groundwork  is  concerned.  This  does  not  mean , 
however,  that  there  is  nothing  further  for  us  to  learn  in  this  connection.  There  are  many  problems  of  a  detailed  nature 
inviting  the  student  of  this  fascinating  field  of  study,  and  the  solution  of  which  will  serve  to  round  out  and  broaden 
our  general  grasp  of  the  problem.  In  particular,  we  need  further  study  on  the  interaction  between  elements  which 
insure  stability  and  those  which  permit  mobility  and  readiness  of  response  to  control  agencies,  to  the  end  that  we 
may  control  more  effectively  the  combinations  which  may  be  desired  regarding  stability  and  mobility  of  evolution. 

Again,  while  the  elements  of  control  are  well  understood,  there  is  room  for  further  study  as  to  the  best  means 
of  actually  developing  the  control  forces  required  and  of  applying  them  to  the  plane  itself.  These  are  partly  aero¬ 
dynamic  and  partly  structural  problems,  each  phase  reacting  more  or  less  on  the  other. 

One  instance  of  problems  of  this  character  will  serve  to  illustrate  the  type. 

We  know  that  an  airplane  is  provided  with  rudder  surfaces  of  two  kinds,  one  to  determine  movement  in  a  vertical 
motion,  up  or  down,  and  the  other  to  determine  horizontal  motion,  right  or  left.  But  these  motions,  vertical  and  hori¬ 
zontal,  assume  that  the  plane  itself  is  horizontal  or  sensibly  so.  However,  when  a  plane  is  circling  on  a  steep  spiral 
or  making  a  quick  turn,  it  is  inclined  or  <! banked  ”  in  order  to  avoid  side  slipping,  until,  in  extreme  cases,  the  wings  are 
nearly  vertical,  and  frequently  much  more  nearly  vertical  than  horizontal.  In  such  cases  the  functions  of  these  control 
services  are  reversed.  Those  which,  with  normal  aspects,  serve  to  produce  movement  right  and  left  will  now  serve  to 
determine  motion  rather  in  a  vertical  direction,  and  those  which  formerly  served  for  movement  up  and  down  will  now 
serve  to  determine  motion  to  the  right  or  left.  For  intermediate  angles  of  bank  each  set  of  control  surfaces  will  give 
control  forces  in  both  directions,  up  or  down  and  right  or  left. 

Now,  it  is  by  no  means  sure,  having  in  view  this  double  and  interchanging  function  between  these  two  sets  of 
surfaces,  whether  we  have  as  yet  realized  the  ultimate  and  best  arrangement  either  as  regards  the  surfaces  themselves 
or  their  control  by  the  pilot. 

It  seems  decidedly  probable  that  we  have  not  and  that  some  arrangement  yet  remains  to  be  devised  which  will  be 
more  effective  in  the  matter  of  this  double  and  interchanging  function  of  control  and  simpler  in  its  relation  to  the  pilot. 

ARMAMENT  AND  INSTRUMENTS. 

There  still  remain  two  large  and  important  fields,  rich  in  aeronautic  problems.  These  are  armament  and  instru¬ 
ments.  I  shall  attempt  no  more  than  the  briefest  general  reference  to  these  two  classes  of  problems. 

Those  arising  under  the  head  of  armament  are,  of  course,  strictly  military  in  character  and  but  little  of  interest 
could,  in  any  event,  be  said  in  a  public  address.  Such  problems  relate  naturally  to  the  number,  type,  and  size  of  guns 
to  be  carried,  their  mounting  and  special  sights;  bombs  and  devices  for  carrying,  aiming,  dropping,  etc.;  questions  of 
armor  and  protection  of  vital  parts  against  gunfire  or  shrapnel  bursts,  etc. 

Expressed  in  their  most  general  terms  these  problems  resolve  themselves  into  an  attempt  all  along  the  line  to 
meet  the  requirements  imposed  by  the  desired  military  uses  of  the  plane  and  to  anticipate  or  improve  upon  the  devices 
and  designs  of  the  enemy  in  the  same  fields. 

Regarding  instruments,  little  more  specific  can  be  said.  This  field  does,  however,  bristle  with  problems  of  the 
highest  interest  to  the  scientist,  and  may  well  challenge  his  best  efforts.  It  is  interesting  to  note  the  extent  to  which 
the  modem  airplane  has  become  a  flying  meteorological  and  physical  laboratory.  Thus,  a  recent  list  of  airplane  instru¬ 
ments  shows  some  25  or  30  different  instruments  and  devices,  not  indeed  all  to  be  carried  on  one  plane,  but  all  included 
in  the  general  aeronautic  military  program  and  each  serving  some  specific  and  important  purpose. 

With  these  instruments,  as  with  armament,  the  problems  reduce  themselves  to  an  effort  to  meet  the  military  or 
the  navigational  and  operative  requirements  of  the  situation,  and  in  these  days  of  war  in  particular,  to  anticipate  or 
improve  upon  the  similar  devices  and  designs  of  the  enemy. 

Much  of  the  work  relating  to  these  problems  under  armament  and  instruments  is  already  done  and  well  done. 
There  do  remain,  however,  many  problems,  especially  of  detail  or  of  improvement,  and  which  must  be  considered  as 
outstanding;  but  of  these  I  shall  attempt  no  mention  or  discussion. 

By  way  of  conclusion,  reference  may,  for  a  moment,  be  made  to  a  problem  of  the  most  vital  and  far-reaching 
economic  importance,  and  which  will  be  upon  us  with  the  arrival  of  peace  conditions.  This  is  the  problem  of  the  best 
economic  utilization  of  the  enormous  investment  which  has  been  made  in  aeronautical  production,  expressed  in  terms 
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of  money  and  human  time  and  energy,  and  now  represented  by  factories,  machinery  and  equipment,  finished  product, 
trained  industrial  organizations,  human  skill,  and  productive  capacity. 

The  discussion  of  such  a  problem  might  well  occupy  our  careful  attention  for  the  entire  hour,  but  I  can  no  more 
than  mention  it  here  by  name.  We  can,  however,  scarcely  overexaggerate  its  importance,  and  the  appointment  of 
importance  commissions  in  England  and  in  the  United  States  for  the  study  of  the  problems  arising  under  this  general 
head  is  an  evidence  that  their  serious  import  is  appreciated,  and  we  may  hopefully  await  suitable  measures  of  adjustment 
against  the  day  when  we  may  again  turn  our  thoughts  to  the  occupations  of  peace. 

And  so  with  all  our  problems — we  can  only  look  hopefully  forward  for  the  future  to  give  to  us  such  measures  of 
answer  as  our  patience  and  study  may  merit. 

The  general  problems  enumerated  in  the  preceding  annual  reports  of  the  committee  have 
in  part  constituted  the  program  of  work  during  the  past  year.  Progress  has  been  made  in  the 
scientific  study  and  solution  of  these  problems  which  are  considered  of  immediate  importance, 
and  they  will  be  attacked  on  a  larger  scale  by  the  committee  with  the  increased  facilities  and 
talent  which  will  be  available  at  the  committee’s  research  laboratory  at  Langley  Field  after 
the  war. 

A.  stability  as  determined  by  mathematical  investigation. — A  number  of  isolated  experiments 
have  been  made  upon  the  stability  of  airplanes,  and  the  investigation  of  the  behavior  of  airplanes 
in  gusts  has  been  continued,  Part  III  appearing  in  this  volume  as  Technical  Report  No.  27. 

B.  Airspeed  meters  and  aeronautic  instruments. — The  officers  in  the  Air  Services  of  the  Army 
and  Navy  have  to  a  large  degree  handled  the  development  of  airplane  instruments  in  their 
own  organizations,  and  it  has  been  necessary  only  in  rare  cases  to  conduct  independent  investi¬ 
gations  looking  toward  the  improvement  of  existing  instruments.  For  example,  the  committee 
investigated,  through  the  subcommittee  on  navigation  of  aircraft,  aeronautic  instruments,  and 
accessories,  a  centrifugal  type  of  tachometer  designed  by  a  Russian  engineer  and  after  finding 
that  it  possessed  certain  advantages  over  existing  types,  called  it  to  the  attention  of  the  officers 
of  the  Air  Service.  Various  other  interesting  instruments  have  been  experimented  upon  by  the 
committee,  among  which  was  a  vertical  rate  of  climb  indicator  sent  to  this  country  from  Holland 
at  the  committee’s  request.  The  development  of  the  Zahm  Venturi  airspeed  meter  has  also 
been  carried  on  extensively  by  the  Army  authorities  with  a  view  to  reducing  the  head  resistance 
of  the  pressure  nozzle  and  its  support.  The  committee  has  been  active  in  suggesting  improve¬ 
ments  and  in  proposing  investigations  looking  to  the  improvement  of  these  instruments.  These 
investigations  have  in  the  main  been  carried  on  at  the  Bureau  of  Standards. 

C.  Wing  sections. — Extensive  data  exist  in  relation  to  the  aerodynamic  properties  of  wing 
sections,  but  in  widely  varying  forms  and  in  different  publications.  An  effort  has  been  made  by 
the  committee  to  collect  all  of  this  data  in  one  compilation,  where  it  is  presented  in  a  uniform 
manner  and  in  such  a  way  as  to  make  it  readily  available  for  the  purposes  of  the  designing 
engineer.  In  addition  to  data  already  published,  investigations  have  been  conducted  under 
the  direction  of  the  committee  upon  new  types  of  wing  sections.  Starting  with  the  section 
called  “  Durand  13,”  which  was  the  section  at  the  13-inch  radius  of  one  of  the  model  propellers 
used  by  Dr.  Durand  in  obtaining  the  data  given  in  Technical  Report  No.  14,  of  the  third  annual 
report,  much  work  has  been  done  at  the  Massachusetts  Institute  of  Technology  under  the  auspices 
of  the  airplane  engineering  department  of  the  Bureau  of  Aircraft  Production  in  developing 
thick  wing  sections  suitable  for  internally  braced  machines.  Some  sections  have  also  been 
developed  with  a  high-lift  coefficient  and  having  comparatively  high  L/D  values  at  small  values 
of  the  lift  coefficient.  The  investigation  of  wing  sections  is  being  continued  by  the  committee 
with  a  view  to  searching  for  forms  having  specialty  desired  characteristics,  as,  for  example,  a 
minimum  shift  of  the  center  of  pressure  with  change  in  the  angle  of  attack.  Combinations  of 
supporting  surfaces  are  also  being  studied  with  a  view  to  the  determination  of  their  mutual 
reaction  and  interference.  Special  attention  is  being  given  tandem  arrangements. 

D.  Engines. — The  most  outstanding  feature  in  this  field  of  aeronautic  development  in  this 
country  is  the  continuous  improvement  and  power  increase  of  the  Liberty  12.  The  first  eight 
months  of  the  year  witnessed  the  power  per  weight  ratio,  as  expressed  in  pounds  per  horse¬ 
power  output,  improved  from  2  to  1.85  when  the  engine  was  operating  on  68°  B.  standard 
gasoline  at  the  standard  reference  speed.  At  maximum  power  this  is  further  reduced  to  1.70 
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pounds  per  horsepower.  With  special  fuel,  the  figure  for  standard  speed  is  further  improved 
to  1.75  and  for  maximum  power  to  1.65.  This  is  a  very  creditable  accomplishment  and  indi¬ 
cates  that  healthy  development  which  can  be  based  only  upon  a  correct  engineering  foundation. 
Of  interest  in  this  connection  is  the  note  on  “ Evolution  of  aircraft  engines”  in  another  part 
of  this  report. 

Liberty  12  production  during  the  period  from  January  to  November  1,  1918,  increased 
from  1  engine  per  day  to  approximately  150  per  day.  At  this  rate  of  progress  a  daily  pro¬ 
duction  of  230  engines  would  be  reached  by  the  first  of  1919.  This  demonstrates  conclusively 
that  while  the  modern  high  duty  aircraft  engine  necessitates  a  rather  intricate  mechanism  and 
calls  for  the  utmost  accuracy  in  many  of  its  parts,  it  is  quite  possible  to  produce  it  in  large 
quantities  with  American  manufacturing  methods.  It  is,  of  course,  essential  that  the  design 
should  be  made  in  the  light  of  a  proper  consideration  of  the  limitations  and  advantages  of 
American  manufacturing  methods  if  such  production  results  as  have  been  demonstrated  are 
to  be  expected. 

Although  the  Liberty  8  was  the  original  form  of  this  development,  it  had  been  superseded 
by  the  12-cylinder  model,  owing  to  the  demand  for  increased  power  in  two-place  combat 
machines.  However,  the  development  of  and  preparation  for  production  of  the  8  was  undertaken 
during  the  latter  half  of  the  year,  in  order  to  round  out  the  program  for  combat  machines. 

The  extensive  use  of  Curtiss  OX-5  engines  for  training  was  made  possible  by  the  satis¬ 
factory  development  and  large  quantity  production  of  this  model.  The  Hall-Scott  A-7a  was 
used  in  some  training  planes  during  the  early  part  of  the  year. 

D-l.  The  manufacture  of  engines  of  foreign  design  has  been  materially  advanced  during 
the  year.  The  300-horsepower  Hispano-Suiza  has  been  successfully  developed  and  production 
on  it  was  started.  This  engine  has  given  some  remarkable  results  in  specific  power  output 
and  thermal  efficiency.  Like  the  two  Liberty  models,  it  is  intended  for  use  largely  on  combat 
airplanes. 

The  Hispano-Suiza  150-horsepower,  as  well  as  the  Le  Rhone  80-horsepower,  and  the  Gnome 
100-horsepower  revolving  engines,  were  produced  in  quantity,  although  the  Gnome  was  used 
only  to  a  limited  extent.  All  of  these  engines  were  used  for  training  purposes. 

D-2.  The  comprehensive  radiator  research  which  was  begun  last  year  has  been  completed 
in  some  of  its  phases.  It  is  believed  that  the  results  will  prove  an  important  aid  to  the 
development  of  rational  methods  for  designing  and  placing  airplane  radiators.  Some  rather 
revolutionary  results  have  been  secured  in  the  effort  to  reduce  the  ratio  of  head  resistance  to 
radiation  capacity.  (See  Technical  Report  No.  43.) 

The  complete  mathematical  analysis  of  the  fundamentals  of  the  transfer  of  heat  to  a  moving 
air  stream  is  under  way,  with  a  view  to  the  establishment  of  the  correct  conception  of  such 
phenomena.  This  analysis  is  being  checked  continuously  against  the  experimental  values 
obtained. 

D-3.  The  vacuum  chamber  for  testing  engines  under  the  conditions  existing  at  high 
altitudes,  which  was  built  at  the  Bureau  of  Standards  during  the  past  year,  has  been  in  con¬ 
tinuous  use  in  connection  with  a  comprehensive  investigation  of  the  properties  of  a  large  num¬ 
ber  of  hydrocarbon  fuels.  Much  work  has  also  been  carried  out  by  way  of  investigating  the 
effect  of  variations  in  pressure,  temperature,  humidity,  speed,  compression,  carburetion,  igni¬ 
tion,  etc.,  on  the  performance  of  aircraft  engines.  Most  of  this  work  has  been  done  with  the 
Hispano-Suiza  150  horsepower,  although  the  Liberty  12  has  also  been  under  test.  However, 
the  latter  proved  rather  too  large  to  handle  conveniently  in  the  present  chamber.  (See 
Technical  Reports  Nos.  44,  45,  46,  47,  and  48.) 

The  altitude  chamber  has  proved  to  be  a  very  material  aid  in  the  higher  development  of 
aircraft  engines  and  fuels.  Therefore,  two  new  chambers  of  larger  size  are  being  constructed, 
together  with  a  new  laboratory  building  to  house  them.  These  chambers  are  so  interconnected 
that  the  total  refrigeration  and  exhausting  capacity  will  be  available  for  either,  and  it  will  be 
possible  to  test  water-cooled  engines  as  large  as  800  horsepower;  also  air-cooled  engines  up  to 
about  350  horsepower. 
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D-4.  A  somewhat  simplified  vacuum  chamber  has  been  built  and  used  for  the  study  of 
the  functioning  of  various  types  of  carburetors  under  varying  conditions  of  pressure,  temperature, 
and  throttle  opening.  Much  valuable  data  has  been  secured  which  has  thrown  light  on  the 
problem  of  compensation  for  altitude.  Two  forms  of  automatic  compensation  devices  have 
been  developed  by  its  aid,  which  have  given  remarkable  results  under  test.  (See  Technical 
Reports  Nos.  48  and  49.) 

D-5.  The  problems  of  lubrication  and  lubricants  have  received  much  attention  and  many 
comparative  tests  have  been  run  of  various  oils  in  aviation  engines  mounted  on  a  torque  stand. 
A  special  single  cylinder  Liberty  engine  has  been  fitted  with  devices  for  the  measurement  of 
temperature  and  pressure  at  all  of  the  important  bearing  surfaces,  and  this  should  furnish  data 
of  marked  value  in  the  study  of  this  problem. 

At  the  same  time,  a  comprehensive  research  has  been  conducted  in  the  laboratory,  having 
for  its  object  the  determination  of  more  exact  conceptions  of  the  relationships  existing  between 
the  various  properties  of  lubricants.  Some  interesting  results  have  been  secured  which  tend  to 
show  the  inadequacy  of  present  specification  methods. 

D-6.  The  development  of  fuels  productive  of  maximum  power  output,  combined  with 
high  thermal  efficiency,  has  received  attention  and  much  has  been  learned.  The  results  have 
served  as  the  foundation  for  a  new  series  of  specifications  for  the  several  grades  of  gasoline  best 
adapted  to  the  requirements  of  different  branches  of  the  air  service. 

The  properties  of  many  mixtures  of  gasoline,  benzol,  alcohol,  etc.,  have  been  investigated, 
as  have  those  of  a  number  of  hydrocarbons  which  have  been  chemically  modified.  Gasoline- 
benzol  mixtures  and  “ hydrogenated”  benzol  have  shown  interesting  results,  by  permitting 
higher  compression  pressures  and  temperatures  with  resultant  increase  in  power  output.  (See 
Technical  Report  No.  47.) 

In  connection  with  the  fuel  research,  a  comprehensive  investigation  of  the  phenomena  of 
flame  propagation  and  combustion  has  been  inaugurated  and  special  apparatus  constructed  for 
securing  accurate  experimental  data. 

D-7.  The  work  on  ignition  problems  has  been  largely  concentrated  on  the  perfection  of  the 
spark  plug  and  the  study  of  the  current  characteristics  of  magnetos  and  battery  systems.  A 
new  porcelain  has  been  developed  by  the  Bureau  of  Standards’  Ceramics  Section,  which  has 
greater  mechanical,  thermal,  and  electrical  strength  than  any  that  had  previously  been  produced, 
either  in  this  country  or  abroad.  This  constitutes  a  marked  advance  in  the  art,  and  the  formula 
of  this  porcelain  has  been  adopted  by  a  number  of  manufacturers. 

The  work  on  current  characteristics  of  different  ignition  systems  has  been  of  great  impor¬ 
tance  in  connection  with  the  effort  to  determine  the  exact  properties  of  ignition  sparks  which 
insure  the  most  effective  ignition  with  the  least  energy  expenditure.  This  research  is  as  yet 
incomplete. 

The  effect  of  the  auxiliary  gap,  of  differing  electrical  characteristics,  on  the  restarting  of 
fouled  spark  plugs  is  under  investigation.  Although  not  yet  completed,  it  has  been  shown  that 
the  correctly  designed  auxiliary  gap  is  a  very  valuable  aid  in  overcoming  the  effects  of  defective 
carburetion  and  cylinder  lubrication. 

D-8.  The  problem  of  supercharging  aeronautic  engines,  in  order  that  the  power  output 
shall  not  fall  off  with  the  attenuation  of  the  atmosphere  at  increased  altitudes,  has  been  the 
subject  of  much  experimental  development.  The  results  have  been  very  encouraging,  a  power 
output  having  been  obtained  at  14,000  feet  elevation  which  was  equal  to  that  at  sea  level. 
Also,  it  has  been  demonstrated  that  the  power  output  can  be  increased  some  30  per  cent  at  sea- 
level  without  serious  difficulty. 

The  solution  of  this  problem  will  result  in  the  attainment  of  much  greater  speeds  at  high 
altitudes  than  those  of  present  airplanes.  As  most  of  the  long-distance  flying  will  be  at  high 
altitude,  the  importance  of  this  problem  is  evident.  The  several  interesting  types  of  apparatus 
are  under  intensive  development. 
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E.  Propellers. — The  tests  of  air  propellers  described  in  Technical  Report  No.  14  of  the 
third  annual  report  have  been  continued  during  the  past  year,  and  the  results  are  given  in 
Technical  Report  No.  30.  In  these  tests  model  propellers  were  selected  with  a  view  to  broad¬ 
ening  the  field  covered  in  the  previous  investigation.  A  pitch  greater  than  that  previously 
used  has  been  experimented  upon,  together  with  varying  degrees  of  blade  offset,  but  with  a  shape 
similar  to  ones  previously  used.  Several  propellers  of  the  first  series  but  with  less  camber 
have  also  been  tested.  In  addition  to  these  new  models,  tests  have  been  made  upon  the  stand¬ 
ing  thrust  and  power  of  all  those  previously  tested  as  well  as  the  brake  effect  (negative  thrust 
at  low  revolutions)  of  some  of  these.  Some  special  experiments  have  also  been  made,  one 
using  two  propellers  in  series  revolving  in  opposite  directions;  another  upon  a  model  constructed 
in  such  a  manner  that  the  blade  angles  could  be  varied  throughout  a  considerable  range,  thus 
furnishing  some  data  upon  the  subject  of  the  variable  pitch  propeller.  Experiments  have  also 
been  carried  out  upon  model  propellers  designed  and  submitted  by  the  Army  and  also  by  indi¬ 
vidual  inventors  where  the  design  submitted  seemed  to  offer  some  promise  of  advancement  in 
the  development  of  air  propellers.  The  committee  is  extending  the  investigation  of  model 
propellers  to  include  extensive  determinations  of  the  mutual  reactions  or  interference  upon 
adjacent  structures,  such  as  fuselage  or  wings. 

Apparatus  and  equipment  have  been  made  available  which  enable  free  flight  determina¬ 
tions  to  be  made  upon  full-sized  airplane  propeller  performance.  It  is  intended  to  develop 
from  this  work  definite  relations  and  coefficients  which  will  enable  the  designer  to  make  the 
transition  with  accuracy  from  model  tests  conducted  in  wind  tunnels  to  actual  full-size  per¬ 
formance.  An  analytical  investigation  of  existing  experimental  results  on  model  propellers  is 
in  progress  with  a  view  to  making  available  to  the  designing  engineer  definite  and  accurate 
data  upon  which  to  base  the  calculations  of  performances  of  aerial  propellers.  Theoretical 
considerations  have  also  been  discussed  by  Dr.  de  Bothezat,  who  has  developed  formulas  which 
add  materially  to  the  data  already  available  for  this  purpose.  (See  Technical  Reports  Nos.  29 
and  30.) 

F.  Form  of  airplane. — During  the  past  year  there  has  been  no  further  uniform  investiga¬ 
tion  of  this  subject.  Numerous  isolated  tests  have  been  made  which  do  not,  however,  add 
much  to  the  genoral  knowledge  of  the  subject.  Among  the  large  number  of  inventions  examined 
by  the  committee  during  the  past  year  have  been  many  proposals  for  variation  in  the  form  of 
airplanes,  but  none  has  contained  points  of  material  value  in  assisting  the  development  of  the 
science. 

G.  Radio  communication. — The  problems  of  mtercommunication  between  airplanes  and 
between  airplanes  and  ground  have  been  developed  and  have  proved  of  great  assistance  to  the 
military  and  naval  air  forces.  Methods  of  intercommunication,  both  by  telegraph  and  tele¬ 
phone,  have  been  perfected.  Considerable  experimentation  has  been  carried  on  at  the  Bureau 
of  Standards  relative  to  securing  a  wind-driven  generating  unit  giving  constant  power  output 
at  all  airplane  speeds. 

H.  Meteorology  in  relation  to  aeronautics. — Considerable  work  has  been  done  by  the  sub¬ 
committee  on  the  relation  of  the  atmosphere  to  aeronautics,  aided  by  the  staff  and  facilities  of 
the  Weather  Bureau,  toward  making  available  to  pilots  and  observers  information  regarding 
those  properties,  characteristics,  currents,  winds,  and  detailed  meteorological  conditions  of 
the  free  air  which  are  of  special  importance  to  aeronautics  and  the  safety  and  economy  of 
aerial  navigation. 

An  effort  has  also  been  made  to  encourage  the  systematic  investigation  and  observation, 
by  means  of  kites,  pilot  balloons,  airplanes,  etc.,  of  atmospheric  phenomena,  and,  through  the 
agency  of  the  Weather  Bureau  and  otherwise,  to  provide  for  the  general  dissemination  of  advice 
based  upon  observation  of  atmospheric  conditions  and  to  assist  in  the  application  of  the  results 
of  investigations  of  the  problems  of  aerial  navigation. 
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PHYSICAL  PROBLEMS. 

Besides  the  more  general  problems  the  following  problems  of  a  physical  rather  than  an 
aeronautical  nature  are  of  particular  interest,  and  under  same  the  following  progress  is  noted : 

A.  Noncorrosive  materials. — The  attempt  to  prolong  the  life  of  iron  and  steel  parts  in  service 
by  protecting  them  against  corrosion  has  led  to  the  investigation  of  many  materials  and  proc¬ 
esses  for  coating.  Those  protective  materials  fall  into  three  general  classes:  (1)  Metallic 
coatings;  (2)  coatings  in  which  the  iron  to  be  protected  is  itself  converted  at  the  surface  into 
some  inert  compound;  and  (3)  organic  coatings,  such  as  paints,  varnishes,  enamels,  etc.  The 
organic  coatings  have  received  no  attention  by  this  committee,  but  those  mentioned  in  (1) 
and  (2)  have  been  extensively  investigated  through  the  subcommittee  on  noncorrosive  materials. 

The  metallic  coatings  include  all  the  common  metals  and  ailovs  which  can  be  applied  to 
steel,  namely,  zinc  and  aluminum,  which  are  electropositive  to  iron,  tin,  lead,  “teme”  and 
other  lead  alloys,  copper,  nickel,  cobalt  brass,  bronze,  and  silver,  all  of  which  are  electro¬ 
negative  to  iron.  In  the  case  of  the  iron  compounds  the  iron  at  tho  surface  is  converted  into 
an  oxide  or  to  some  other  compound,  after  which  it  has  been  found  advisable  to  give  the  piece 
an  oil  finish. 

The  electrochemical  effects,  the  application  of  the  coatings  of  the  various  types,  and  the 
resulting  microstructure  has  been  closely  studied.  Methods  of  preparing  the  articles  for 
coatings  and  methods  of  testing  tho  coatings  have  also  been  developed. 

B.  Flat  and  cambered  surfaces. — A  number  of  reports  have  been  obtained  relative  to  tests 
conducted  at  the  National  Physical  Laboratory  of  Great  Britain,  which  contain  valuable 
information  on  stabilizer,  elevator,  and  rudder  fins.  The  committee  has  also  undertaken  a 
further  study  of  combinations  of  control  surfaces,  with  a  view  to  the  determination  of  the 
most  effective  methods  of  steering  and  of  control  generally. 

C.  Terminal  connections. — No  comprehensive  investigation  of  this  subject  has  been  under¬ 
taken,  and  the  isolated  experiments  made  by  the  industry  have  not  added  materially  to  the 
knowledge  of  the  problem. 

D.  Constructive  materials. — D-l.  A  continuation  of  the  work  done  at  the  Bureau  of  Stand¬ 
ards  through  the  agency  of  the  subcommittee  on  standardization  and  investigation  of  materials 
for  aircraft  upon  the  development  of  substitutes  for  linen  airplane  fabrics  has  brought  onto 
the  market  a  type  of  cotton  fabric  equal  in  quality,  if  not  superior,  to  the  conventional  linen 
fabrics.  (See  Report  No.  36.)  This  development  work  has  been  carried  on  in  conjunction 
with  the  manufacturers,  who  have  materially  assisted  in  the  realization  of  the  progress  thus 
far  obtained.  The  subject  of  the  fastening  of  the  fabric  to  the  airplane  frame  has  also  been 
investigated,  and  considerable  improvement  has  resulted  in  the  processes  previously  used. 
Extensive  experiments  are  being  conducted  with  the  object  of  supplying  the  airplane  designer 
with  formulae  and  curves  which  will  facilitate  the  designing  of  airplane  fabrics  for  new  airplanes, 
and  it  is  intended  to  place  fabric  on  the  same  basis  as  other  constructional  materials  used  in  the 
airplane  structure.  The  study  of  the  use  of  silk  fabric  has  also  progressed  with  a  view  of  pro¬ 
viding  a  reserve  material,  should  the  supply  of  cotton  fabrics  fail  as  did  the  supply  of  linen 
fabrics.  The  study  of  balloon  fabrics  has  comprised  mainly  the  investigation  of  rubber  films, 
as  it  is  definitely  known  that  the  deterioration  of  that  part  of  the  material  is  such  that  investiga¬ 
tions  with  a  view  to  improvement  in  the  cotton  cloth  are  not  warranted  at  this  time.  (See 
Report  No.  39.) 

D-2.  A  considerable  amount  of  experimental  work  has  been  conducted  at  the  Bureau  of 
Standards  by  the  subcommittee  on  steel  construction  for  aircraft  and  the  subcommittee  on 
light  alloys  upon  various  alloys  of  aluminum  and  other  light  metallic  elements,  as  well  as  upon 
heat-treated  steels,  with  a  view  to  the  securing  of  uniform  physical  properties  suitable  for  the 
purposes  of  airplane  construction. 

D-3.  A  survey  has  been  made  of  the  state  of  art  of  the  application  of  pneumatic  tires  to 
airplanes  and  it  is  intended  to  make  a  further  investigation  of  this  subject. 
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E.  Generation  of  buoyant  gases  for  lighter-than-air  craft. — Experiments  of  a  confidential 
nature  have  been  conducted  by  the  Army  and  Navy  upon  the  problem  of  the  generation  of 
hydrogen  for  observation  balloons,  scouting  dirigibles,  and  other  lighter-than-air  craft.  Investi¬ 
gations  have  been  made  as  to  the  possibilities  of  hot  air  for  this  purpose.  Attention  is  invited 
to  Technical  Reports  Nos.  40  and  41,  which  describe  work  carried  on  at  the  Bureau  of  Standards. 

F.  Nomenclature  for  aeronautics. — The  standardization  of  aeronautical  nomenclature  has 
been  continued  by  the  committee.  The  latest  revision  is  contained  in  Technical  Report  No.  25. 
The  subcommittee  having  this  subject  in  charge  has  effected  coordination  of  views  between  the 
Military  and  Naval  Air  Services  of  the  United  States  and  the  aeronautical  authorities  of  Great 
Britain. 

G.  Specifications  for  aeronautical  materials. — During  the  war,  when  the  Army  and  Navy 
were  the  only  consumers  of  airplanes  and  their  equipment,  it  was  only  proper  that  the  Army 
and  Navy  should  prepare  the  specifications  for  aeronautical  materials.  The  committee,  however, 
offered  valuable  advice  to  the  military  and  naval  authorities  in  connection  with  this  subject. 

H.  Bibliography  of  aeronautics. — The  Smithsonian  Institution,  in  1909,  published  a  bib¬ 
liography  of  aeronautics.  The  committee  has  extended  this  bibliography  up  to  December  31, 
1916,  and  this  is  in  process  of  publication  as  a  separate  report.  The  committee  proposes  to 
keep  this  subject  up  to  date  by  annual  publications  in  the  future. 

I.  Collection,  revision,  and  issuance  of  reports. — This  phase  of  the  committee’s  activities  is 
treated  under  the  subject  of  the  Office  of  Aeronautical  Intelligence. 

J.  Limitation  of  size  of  airplanes. — Dr.  de  Bothezat,  of  the  committee’s  technical  staff,  has 
made  a  serious  study  and  has  contributed  a  valuable  article  on  the  subject. 

FINANCIAL  REPORT. 

The  appropriation  “National  Advisory  Committee  for  Aeronautics,  1917-18,”  carried  in 
the  naval  appropriation  act,  approved  March  4,  1917,  is  as  follows: 

For  scientific  research,  technical  investigations,  and  special  reports  in  the  field  of  aeronautics,  including  the  neces¬ 
sary  laboratory  and  technical  assistants;  traveling  expenses  of  members  and  employees;  rent  (office  in  the  District  of 
Columbia  not  to  exceed  $1,500);  office  supplies,  printing,  and  other  miscellaneous  expenses;  clerks;  draftsmen; 
personal  services  in  the  field  and  in  the  District  of  Columbia:  Provided,  That  the  sum  to  be  paid  out  of  this  appro¬ 
priation  for  clerical,  drafting,  watchmen,  and  messenger  service  for  the  fiscal  year  ending  June  30, 1918,  shall  not  exceed 
$12,000;  in  all,  $107,000. 

The  balances  under  the  several  items  of  the  appropriation  “National  Advisory  Committee  for  Aeronautics”  carried 
in  the  act  making  appropriations  for  the  naval  service  for  the  fiscal  year  ending  June  30,  1917,  approved  August  29, 

1916,  are  hereby  consolidated  into  a  single  fund  and  may  be  expended  by  the  committee  for  its  purposes  as  stated  in 
the  paragraph  of  public  act  No.  271,  Sixty-third  Congress,  approved  March  3,  1915,  establishing  the  committee. 

The  above  appropriation  of  $107,000,  added  to  the  continuing  annual  appropriation  of 
$5,000  a  year  for  five  years,  carried  in  the  act  establishing  the  committee,  made  a  total  of 
$112,000  available  for  the  fiscal  year  1918. 

In  order  to  provide  funds  for  the  completion  of  the  committee’s  research  laboratory  at 
Langley  Field,  and  for  the  construction  of  a  wind  tunnel  building,  the  following  amendment 
to  the  above  appropriation  was  contained  in  the  urgent  deficiency  act,  approved  October  6,  1917: 

National  Advisory  Committee  for  Aeronautics:  Such  portion  of  the  appropriation  “National  Advisory  Committee 
for  Aeronautics”  carried  in  the  act  making  appropriations  for  the  naval  service  for  the  fiscal  year  ending  June  30,  1918, 
approved  March  4,  1917,  as  may  be  necessary,  not  to  exceed  $40,000,  is  made  available  for  the  completion  of  the  com¬ 
mittee’s  research  laboratory  now  under  construction,  and  for  the  construction  of  additional  buildings  necessary  in 
connection  therewith. 

To  provide  additional  funds  for  rent  of  office  in  the  District  of  Columbia,  the  following 
amendment  to  the  appropriation  for  the  fiscal  year  1918  was  contained  in  the  urgent  deficiency 
act,  approved  March  28,  1918: 

Naval  Advisory  Committee  for  Aeronautics:  The  limitation  upon  the  amount  which  may  be  expended  for  office 
rent  in  the  District  of  Columbia  for  the  fiscal  year  1918,  contained  in  the  naval  appropriation  act  approved  March  4, 

1917,  is  increased  from  $1,500  to  $2,332. 

167080— S.  Doc.  307,  65-3 - 4 
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Out  of  the  total  appropriation  of  SI  12,000  for  the  expenses  of  the  committee  for  the  fiscal 
year  1918,  the  committee  reports  expenditures  and  obligations  during  the  year  amounting  to 
the  total  of  the  appropriation,  itemized  as  follows: 

Expenditures  and  obligations  incurred  under  the  appropriation,  “ National  Advisory  Committee  for  Aeronautics,  1917-18.  ” 


Services  (clerical,  technical,  and  contract  work) .  $22,  675.  55 

Equipment . .  38,185.56 

Supplies .  9,801.31 

Transportation  and  communication .  395.  46 

Travel .  2,  655.  27 

Building  construction .  32, 055.  20 

Rent  of  office .  2,  331 .  68 

Special  reports: 

The  application  of  the  law  of  kinematic  similitude  to  the  design  of  airplanes  1 .  $600.  00 

Experimental  researches  on  air  propellers,  II .  1.  500.  00 

Investigation  of  the  elements  which  contribute  to  statical  and  dynamical  stability  and  of 

the  effects  of  variations  on  those  elements  1 .  1, 200. 00 

The  application  of  pneumatic  tires  to  airplanes  for  the  purposes  of  landing  and  taking  the  air, 
with  suggestions  regarding  the  ways  and  means  of  improving  present  practices  in  the  same . .  500.  00 

Translation  of  Italian  publications .  100.  00 

-  3,  900.  00 


APPROPRIATION  FOR  THE  FISCAL  YEAR,  1919. 


112, 000.  00 


Due  to  a  decision  rendered  by  the  Comptroller  of  the  Treasury  on  January  10,  1917,  in 
which  he  held  the  National  Advisory  Committee  for  Aeronautics  to  be  an  independent 
Government  establishment,  the  estimates  for  the  fiscal  year  1919  were  referred  to  the  Committee 
on  Appropriations  of  the  House  of  Representatives,  instead  of  to  the  Committee  on  Naval 
Affairs,  which  formerly  had  jurisdiction. 

The  appropriation  “National  Advisory  Committee  for  Aeronautics,  1919,”  carried  in  the 
sundry  civil  act,  approved  July  1,  1918,  is  as  follows: 

For  scientific  research,  technical  investigations,  and  special  reports  in  the  field  of  aeronautics,  including  the  neces¬ 
sary  laboratory  and  technical  assistants;  traveling  expenses  of  members  and  employees;  office  supplies,  printing,  and 
other  miscellaneous  expenses;  equipment,  maintenance,  and  operation  of  research  laboratory,  and  construction  of 
additional  buildings  necessary  in  connection  therewith;  personal  services  in  the  field  and  in  the  District  of  Columbia: 
Provided,  That  the  sum  to  be  paid  out  of  this  appropriation  for  clerical,  drafting,  watchmen,  and  messenger  service 
for  the  fiscal  year  ending  June  thirtieth,  nineteen  hundred  and  nineteen,  shall  not  exceed  $43,000;  in  all,  $200,000, 
of  which  sum  $10,300  shall  be  available  for  printing  and  binding  the  bibliography  of  aeronautics  from  July  first,  nine¬ 
teen  hundred  and  nine,  to  December  thirty-first,  nineteen  hundred  and  sixteen:  Provided ,  That  the  Secretary  of  War  is 
authorized  and  directed  to  furnish  office  space  to  the  National  Advisory  Committee  for  Aeronautics  in  governmental 
buildings  occupied  by  the  Signal  Corps. 

This  appropriation  became,  available  July  1,  1918,  and  added  to  the  continuing  appropriation 
of  $5,000  a  year  for  five  years,  carried  in  the  act  establishing  the  committee,  made  a  total  of 
$205,000  available  for  the  fiscal  year  1919. 


ESTIMATES  FOR  THE  FISCAL  YEAR  1920. 

The  following  estimates  of  expenses  for  the  fiscal  year  1920  have  been  submitted  by  the 
committee  in  due  form: 

For  scientific  research,  technical  investigations,  and  special  reports  in  the  field  of  aeronautics,  including  the  neces¬ 
sary  laboratory  and  technical  assistants;  traveling  expenses  of  members  and  employees;  office  supplies,  printing  and 
other  miscellaneous  expenses,  including  magazines  and  books  of  reference;  equipment,  maintenance,  and  operation  of 
research  laboratory  and  wind  tunnel,  and  construction  of  additional  buildings  necessary  in  connection  therewith; 
purchase,  maintenance,  and  operation  of  one  motor-propelled  passenger-carrying  vehicle;  personal  services  in  the  field 
and  in  the  District  of  Columbia:  Provided,  That  the  sum  to  be  paid  out  of  this  appropriation  for  clerical,  drafting,  watch¬ 
men,  and  messenger  service  for  the  fiscal  year  ending  June  thirtieth,  nineteen  hundred  and  twenty,  shall  not  exceed 
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$75,000;  in  all,  $325,000:  Provided ,  That  the  Secretary  of  War  is  authorized  and  directed  to  furnish  office  space  to  the 
National  Advisory  Committee  for  Aeronautics  in  such  governmental  building  or  buildings  as  may  be  deemed  most 
appropriate  for  the  conduct  of  the  work  of  the  National  Advisory  Committee  for  Aeronautics. 

CONCLUSION. 

The  committee  believes  that  the  United  States  are  destined  to  and  should  rightfully  take 
the  lead  in  the  development  of  aviation  for  commercial  as  well  as  military  purposes.  There  are, 
however,  many  problems  in  aviation  which  are  still  unsolved,  to  which  reference  is  made  in  this 
report.  Other  problems  will  arise.  The  committee  therefore  emphasizes  the  need  for  con¬ 
tinuous  scientific  research  and  experimentation  in  aeronautics.  The  great  delays  in  getting  an 
effective  air  force  into  action  during  the  war  were  due  in  no  small  part  to  the  lack  of  a  propel 
scientific  and  technical  foundation  before  the  war. 

The  committee  believes  that  it  would  bo  wise  for  the  country  to  sustain  an  air  service 
suitable  for  its  immediate  needs,  but  not  a  large  force,  as  steady  progress  may  be  expected  in  the 
design  of  aircraft,  and  the  civil  and  military  services  will  require  constantly  in  time  of  peace, 
but  more  especially  in  time  of  war,  only  the  most  improved  types. 

Looking  to  the  healthy  development  of  aeronautics  in  America  for  all  purposes,  the  com¬ 
mittee  strongly  recommends: 

First.  That  support  be  given  to  the  committee  in  its  program  for  the  further  scientific  study 
of  the  problems  of  flight,  to  which  reference  is  made  in  this  report. 

Second.  That  a  continuing  comprehensive  governmental  policy  regarding  the  construction 
of  aircraft  for  both  civil  and  military  purposes  be  adopted,  and  that  comparatively  small  orders 
be  apportioned  among  competent  aircraft  manufacturers,  thus  assuring  the  existence  of  a 
nucleus  of  an  aircraft  industry  capable  of  prompt  and  satisfactory  response  to  military  needs  when 
the  demand  arises. 

Third.  That  a  plan  of  cooperation  be  formulated  and  approved  whereby  aviators  in  the 
military  and  naval  services  of  the  United  States  may  receive  continuous  training  in  long-distance 
flying,  and  at  the  same  time  render  effective  service  to  the  Nation  by  assisting  in  the  work  of  the 
air  mail  service. 

Fourth.  That  legislation  be  enacted  for  the  regulation  of  civil  aerial  navigation,  the  issuance 
of  licenses  to  pilots,  inspection  of  machines,  uses  of  landing  fields,  etc.,  and  that  such  legislation 
be  so  drawn  as  to  effectively  encourage  the  development  of  commercial  uses  of  aeronautics  in  the 
United  States,  and  at  the  same  time  guide  the  development  as  far  as  practicable  along  such 
lines  as  will  render  immediate  and  effective  military  service  to  the  Nation  in  event  of  war. 

Fifth.  That  the  estimates  submitted  by  the  War,  Navy,  and  Pest  Office  Departments  be 
given  full  consideration  with  a  view  to  placing  America  foremost  in  the  development  of  aviation 
for  all  purposes. 

Respectfully  submitted. 

National  Advisory  Committee  for  Aeronautics, 
Charles  D.  Walcott, 

Chairman ,  Executive  Committee . 
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INTRODUCTION. 

AIR  FLOW  THROUGH  POPPET  VALVES. 

By  G.  W.  Lewis  and  E.  M.  Nutting. 


This  paper  discusses  the  comparative  continuous  flow  characteristics  of  single  and  double 
poppet  valves  and  was  prepared  by  G.  W.  Lewis  and  E.  M.  Nutting  of  the  Clarke  Thomson 
Research  1  and  submitted  to  the  National  Advisory  Committee  for  Aeronautics. 

In  the  problem  of  airplane  engine  design  the  question  of  the  number  of  poppet  valves, 
location  of  valves,  and  the  valve  lift  play  an  important  part  in  the  power  characteristics  and 
life  of  the  engine.  The  Clarke  Thomson  Research  in  conducting  experiments  on  an  air  scaveng¬ 
ing  engine,  under  the  direction  of  the  National  Advisory  Committee  for  Aeronautics,  attempted 
to  locate  data  on  valve  flow  characteristics.  Very  little  data  was  obtainable,  and  in  connec¬ 
tion  with  the  scavenging  engine  problem  the  experimental  data  in  this  paper  was  obtained. 
The  number  and  character  of  the  experiments  is  not  such  as  to  render  them  final  and  con¬ 
clusive,  but  the  results  afford  a  direct  comparison  of  valves  singly,  in  pairs,  and  of  different 
sizes.  Further  and  more  extensive  data  bearing  upon  the  subject  should  be  experimentally 
obtained  and  published. 

This  discussion  deals  particularly  with  the  merits  of  inlet  valves  in  pairs,  as  compared  with 
the  single  inlet,  perhaps  more  commonly  used.  The  experimental  data  presented  affords  a 
direct  comparison  of  valves  singly  and  in  pairs  of  different  sizes,  tested  in  a  cylinder  designed 
in  accordance  with  current  practice  in  aviation  engines.  Unfortunately,  necessity  limited  the 
investigation  to  measurements  taken  under  conditions  of  continuous  flow. 

This  investigation  was  undertaken  after  a  wholly  unprofitable  search  for  accurate  informa¬ 
tion  upon  the  comparative  flow  characteristics  of  single  and  double  inlet  valves,  based  upon 
actual  measurement  rather  than  upon  some  hypothesis,  itself  largely  a  matter  of  opinion. 

By  way  of  preliminary  analysis,  the  application  of  the  law  of  geometrical  similarity  presents 
a  strong  case  for  valves  in  pairs.  For  example,  at  a  given  pressure  drop  and  the  same  lift, 
one  valve  would  require  a  diameter  of  4  inches  to  provide  an  area  of  opening  equal  to  that  of 
a  pair  of  valves  each  of  2  inches  diameter.  The  superficial  area  of  the  one  4-inch  valve  is  twice 
the  combined  area  of  the  two  2-inch  valves,  and  if  opened  against  a  pressure  in  the  cylinder, 
this  is  a  measure  of  the  comparative  forces  involved.  The  4-inch  valve  would  weigh  four  times 
the  combined  weight  of  the  2-inch  pair,  and  the  necessary  spring  tension  would  differ  in  that 
proportion  for  the  same  lift  and  the  same  engine  speed.  It  may  be  noted  here  that  while  the 
above  is  correct  upon  the  assumption  of  geometric  similarily,  the  effective  valve  areas  differ 
from  the  actual  as  the  coefficient  of  efflux  varies  at  different  lifts;  also  that  the  weight  of  a 
well-designed  valve  increases  somewhat  less  than  the  third  power  of  the  diameter  would  indicate. 

Mr.  H.  L.  Pomeroy,2  in  a  discussion  which  he  states  is  wholly  analytical,  reaches  a  conclu¬ 
sion  decidedly  at  variance  with  the  above. 

Briefly  stated,  he  assumes  that  two  valves  of  2.83-inch  diameter  should  be  substituted  for  one 
of  4-inch  diameter  (equal  cross-sectional  port  area  which  required  that  the  smaller  diameter 


‘  The  Clarke  Thomson  Research  was  founded  by  Mr.  Clarke  Thomson,  of  Philadelphia,  Pennsylvania,  September  23,  1916.  Mr.  Thomson’s 
object  in  founding  the  Research  was  the  advancement  of  aviation  by  the  investigation  and  development  of  devices  useful  to  the  art.  Mr.  Thomson 
placed  the  resources  of  the  Research  at  the  disposal  of  the  National  Advisory  Committee  for  Aeronautics,  and  all  the  activities  of  the  Research 
were  under  the  direction  of  the  National  Advisory  Committee  for  Aeronautics  during  the  war. 

2  “Engine  Design,”  H.  L.  Pomeroy,  in  Automobile  Engineering,  June,  1912:  Consider  one  2i-inch  valve  and  two  lf-lnch  valves  of  equal  area 
Let  radius  of  port  —  r 
valve  lift  —ft 

port  area  — *r2 

valve  opening  —  2*rft 
If  V— velocity  of  gas  through  port 
and  Vi— velocity  of  gas  through  valve  opening 
then  Vri  Vr 

Vi- - — 

2rft  2ft 
V  2  ft 


Frictional  resistance  is  proportional  to  the  square  of  the  velocity. 


Vi  r 


Friction—  F— 


KL3  V* 
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be  0.707  of  the  larger  diameter)  and  that  the  valves  in  each  case  are  lifted  31.65  per  cent  of 
their  respective  diameters.  He  then  computes  the  hydraulic  mean  radii  for  the  two  cases, 
applies  the  laws  of  friction,  and  reaches  the  conclusion  that  the  two  values  would  have  a  fric¬ 
tional  resistance  39  per  cent  greater  than  the  single,  valve. 

The  contrast  is  sharp.  The  tentative  conclusion  geometrically  derived  is  that  two  valves 
of  one-half  the  cross-sectional  port  area  and  equal  opening  area,  as  compared  to  the  single  valve, 
would  afford  the  same  flow.  Mr.  Pomeroy’s  tentative  conclusion  is  that  two  valves  having  the 
same  cross-sectional  port  area  as  the  single  valve,  and  the  same  opening  area  with  a  lift  0.707 
that  of  the  single  valve,  would  have  a  frictional  resistance  39  per  cent  greater,  and  therefore  less 
capacity.  This  discrepancy  seemed  to  afford  ample  ground  for  experimentally  determining  the 
relative  flow  in  similar  combinations  of  valves. 

This  work  was  carried  on  by  the  Clarke  Thomson  Research  in  connection  with  problems 
involving  exhaust  gas  scavenging  at  the  Bureau  of  Standards  and  under  the  general  direction  of 
the  National  Advisory  Committee  for  Aeronautics.  Appreciation  of  the  many  courtesies 
extended  by  the  Bureau  of  Standards  is  gratefully  acknowledged. 

APPARATUS. 

The  apparatus  consisted  principally  of  a  centrifugal  blower,  a  model  cylinder,  and  U-tubes 
for  measurements  of  pressure. 

The  blower  was  one  of  special  design  with  a  balanced  rotor  11.25  inches  in  diameter,  com¬ 
posed  of  10  forward  curved  blades.  An  electric  motor  furnished  the  power,  rheostat  control 
permitting  speeds  from  3,000  to  6,500  revolutions  per  minute,  corresponding  approximately  to 
pressures  of  9  to  32  inches  of  water.  The  number  of  impulses  varied  from  30,000  to  65,000  per 
minute,  affording  practically  continuous  flow’.  The  blower  wTas  connected  to  the  cylinder  with 
rubber  hose,  care  being  taken  to  see  that  the  alignment  of  the  hose  remained  perpendicular  to 
the  face  of  the  cylinder  at  point  of  entrance  throughout  the  tests. 

The  cylinder  is  shown  in  longitudinal  cross  section  in  plate  1.  The  cylinder  head  was 
carved  out  of  white  pine  by  an  excellent  pattern  maker,  and  carefully  finished  as  to  its  interior 
in  accordance  with  dimension  drawings.  At  the  entrance  end,  the  passages  leading  to  the 
valves  wTere  cylindrical  in  form  with  axis  perpendicular  to  the  cylinder  axis  and  2.5  inches  in 
diameter,  the  passages  then  curved  as  shown  to  the  ports.  The  approach  to  the  large  valve, 
which  had  a  diameter  of  2.5  inches,  was  circular  in  cross  section  at  all  points.  The  approach  to 
the  pair  of  valves  on  the  opposite  side  of  the  cylinder  became  narrower  in  the  plane  of  the  cross 
section  shown,  and  widened  laterally  to  smoothly  divide,  about  1.5  inches  from  the  ports,  into 


Where  S=  Perimeter 
A— Area 
L=  Length 
V=  Velocity 


if/-/. 


from  equation  (1) 
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Let  L=  length  of  pipe  of  port 
V— velocity  of  gas  through  port 
A = area  of  port 
S=  perimeter  of  port— 2  x  r 
r=radius  of  port— 1.125 
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two  passages  of  1.75  inches  diameter.  The  angle  between  the  valve  axis  and  the  cylinder  axis 
was  15  degrees.  No  valve  guides  or  bushings  extended  into  the  passages. 

The  diameter  of  the  counterbore  was  5.75  inches  and  of  the  cylinder  proper,  5  inches. 
The  valves  were  seated  with  a  bevel  of  30  degrees  in  the  two  planes  forming  the  cylinder  head. 
The  diffuser  shown  was  constructed  of  thin  brass  soldered  together  and  inserted  so  as  to  divide 
the  whole  area  of  the  cylinder  at  that  point  into  rectangular  passages  about  seven-eighths  inch 
square  and  2  inches  long. 

The  jet  at  the  opposite  end  of  the  cylinder  was  likewise  carved  out  of  white  pine  as  shown, 
and  was  connected  to  the  cylinder  head  by  a  length  of  5-inch  wrought-iron  pipe,  smoothly 
galvanized  inside,  used  to  obtain  sufficient  length  for  rectification  of  the  air  current.  Gaskets 
and  shellac  were  used  at  the  joints  and  the  assembly  drawn  together  with  four  long  bolts  extend¬ 
ing  from  end  to  end,  outside  the  cylinder. 

In  addition  to  the  single  valve  with  a  diameter  of  2.5  inches  and  the  pair  oi  valves  with 
diameters  of  1.75  inches  already  mentioned,  another  pair  with  diameters  of  1.25  inches  was 
tested.  False  seats  were  used  with  this  smaller  pair,  consisting  of  turned  hardwood  rings 
carefully  fitted  to  the  1.75-inch  seats  and  beveled  to  receive  the  smaller  valves  as  shown  in 
Plate  4,  fig.  2.  These  false  seats  obviously  left  a  circular  shelf  or  projection  0.25  inch  wide 
immediately  above  the  ports.  As  a  matter  of  interest,  two  readings  were  taken  with  these 
shelves  projecting  above  the  port,  but  before  running  off  the  main  test  on  these  1.25-inch  valves 
the  lines  of  the  passages  were  smoothed  off  by  filling  in  above  these  projections  with  putty, 
giving  the  approximate  stream  lines  shown. 

The  valves  were  all  designed  on  similar  lines  with  the  exception  that  the  smallest  pair  had 
stems  five-sixteenths  inch  in  diameter,  to  fit  the  guides  used  for  the  larger  pair,  this  dimension 


being  40  per  cent  larger  than  true  proportion  dictated,  equivalent  to  a  reduction  of  0.022  square 
inch  or  1.8  per  cent  of  the  port  area  of  the  smaller  pair. 

The  Pitot  tube  shown  in  the  jet  in  Plate  1  was  clamped  in  position  at  the  axis  of  the  jet 
throughout  the  tests,  velocity  readings  being  taken  as  later  described.  The  dimensions  were 
three-sixteenths  inch  outside  diameter  and  about  2.5  inches  in  length.  The  impact  end  was 
gradually  rounded  and  the  static  holes  were  four  in  number,  about  0.02  inch  diameter,  smoothly 
perforating  the  outer  wall. 

A  static  tube  of  one-eighth  inch  diameter  penetrated  the  central  portion  of  the  cylinder, 
reading  static  pressure  of  the  air  column  after  passing  the  valves  and  the  diffuser.  This  is  for 
convenience  termed  the  “ lower  static.” 

Static  tubes  of  one-eighth  inch  diameter  also  tapped  the  How  where  the  air  column  entered 
the  passage  leading  to  the  valves.  These  are  for  convenience  termed  “upper  static,”  only  one 
being  used  at  a  time,  as  indicated  by  its  position  with  respect  to  the  valves.  All  statics  were 
slightly  rounded  on  the  inner  periphery  and  the  end  kept  flush  with  the  inner  surface  of  the 
cylinder  or  passage,  and  so  located  as  to  be  perpendicular  to  the  direction  of  air  flow. 


for  1|  in.  valve,  L  and  V  are  the  same  as  before  but  the  hydraulic  mean  depth  A/S 

2tt  r* 

- - =.405 


The  friction  in  lbs.  per  sq.  in.  is,  therefore, 
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The  upper  and  lower  statics  were  connected  to  the  two  legs  of  a  U-tube  to  read  directly 
the  pressure  drop  through  the  valve,  and  also  connected  to  other  U -tubes  to  read  the  upper 
static  and  loAver  static  head  separately. 

All  U  tubes  had  an  inside  diameter  of  about  0.25  inch  and  were  vertical  with  the  exception 
of  one,  which  was  inclined  at  a  slope  of  10  to  1  to  read  with  greater  accuracy  velocity  pressures 
of  3  inches  or  less. 

A  centigrade  thermometer  was  clamped  with  its  bare  bulb  in  the  air  jet  at  a  point  about 
1 .5  inches  outside  the  apparatus.  A  similar  thermometer  was  hung  on  the  wall  for  readings  of 
room  temperature. 

The  moisture  content  recorded  is  the  average  for  the  period  indicated,  as  taken  from  a 
recording  hygrometer,  the  variations  being  but  slight,  as  wore  those  of  the  barometer.  All 
readings  were  completed  within  a  period  of  seven  and  one-half  hours,  on  May  23,  1918. 

MEASUREMENT  OF  AIR  FLOW. 

The  method  used  for  measuring  the  velocity  and  cpiantity  of  air  is  based  upon  the  prin¬ 
ciples  of  the  impact  tube  and  the  jet.1 

Briefly,  the  impact  tube,  when  held  in  and  parallel  to  the  air  stream,  registers  a  pressure 
corresponding  to  the  total  energy  in  the  air  at  that  point.  In  case  of  continuous  flow  through 
a  pipe  of  varying  cross  section,  if  the  impact  tube  is  moved  up  the  axis  of  the  air  stream,  the 
pressure  registered  is  constant  at  all  points,  except  for  friction  losses.  The  velocity  pressure 
and  static  pressure  vary  with  every  change  of  cross  section,  but  the  sum  of  the  two,  which  the 
impact  tube  reads,  is  constant  at  all  points,  as  the  law  of  conservation  of  energy  indicates.  This 
is  similar  to  Bernouilli’s  theorem  in  hydraulics. 

Where  the  section  of  the  pipe  is  smaller,  the  velocity  of  the  air  must  be  higher,  as  the 
quantity  passing  all  sections  of  the  channel  in  a  given  time  is  constant  under  conditions  of 
continuous  flow.  Higher  velocity  means  greater  kinetic  energy  in  the  moving  air  particle,  and 
this  increment  can  only  arise  out  of  a  corresponding  diminution  of  the  static  pressure.2 

The  jet  here  used  for  flow  measurement  carried  this  case  further,  contracting  the  air  column 
to  about  one-sixth  of  its  area  and  discharging  into  atmosphere  at  a  static  pressure  equal  to 
atmospheric  pressure,  or  zero  U-tube  reading,  all  energy  in  the  air  being  kinetic,  read  as  velocity 
pressure  by  the  impact  tube.  This  requires  that  the  theoretical  orifice  be  wholly  convergent, 
i.  e.,  that  the  radio  of  absolute  pressure  of  the  region  into  which  the  jet  discharges  to  the  absolute 
pressure  of  the  region  from  which  the  jet  discharges  be  greater  than  the  critical  value,  0.5272, 
for  air. 

After  verifying  the  fact  that  throughout  the  range  of  velocities  used,  the  impact  side  of  the 
Pitot  tube  at  any  given  velocity  showed  constant  readings  for  various  positions  in  the  jet,  the 
Pitot  was  clamped  in  position,  and  readings  from  the  impact  side  only  recorded  as  velocity 
pressures.  At  frequent  intervals  during  the  runs  the  static  side  of  the  Pitot  was  tested,  but 
invariably  showed  zero  reading. 

The  velocity  in  the  jet  roughly  equaled  the  velocity  through  the  average  valve  opening, 
being  about  six  times  the  mean  velocity  in  the  cylinder  proper.  In  actual  magnitude,  the 
velocities  ranged  from  1,500  to  19,000  feet  per  minute,  or  25  to  320  feet  per  second,  covering 
about  the  extreme  range  of  mean  inlet  velocities  encountered  in  practice. 

Table  I  shows  actual  and  comparative  dimensions  and  areas  of  the  three  valve  combinations 
tested. 

1  An  excellent  discussion  of  the  use  of  the  impact  tube  and  jet  may  be  found  in  a  paper  entitled  “The  Impact  Tube,”  by  Mr.  S.  A.  Moss,  vol. 
38,  Trans.  A.  S.  M.  E. 

1  It  should  not  be  understood  that  this  conversion  of  energy  (from  static  to  velocity  pressure  and  vice  versa)  takes  place  with  100  per  cent  effi¬ 
ciency,  as  there  is  always  a  conversion  loss  due  to  generation  of  heat  by  surface  and  internal  friction.  In  the  case  of  convergence  or  reduction  of  area, 
the  conversion  loss  is  relatively  much  less,  and  the  angle  of  convergence  and  “stream  lining”  of  the  conductor  much  less  important  than  in  case  of 
divergence  or  increase  in  area.  Convergence  reduces  static  pressure  and  surface  friction  and  produces  a  jet  effect  which  rectifies  the  lines  of  flow  and 
reduces,  or  at  least  does  not  increase,  eddy  effects  and  internal  friction.  Divergence,  on  the  other  hand,  increases  static  pressure  and  surface  friction, 
and  unless  the  angle  of  divergence  be  very  small,  results  in  conversion  losses  so  large  as  to  indicate  great  internal  friction  or  eddying,  probably  in 
the  nature  of  a  rolling  motion  caused  by  large  velocity  differences  at  different  radii.  When  the  angle  of  divergence  reaches  30  degrees  on  each  side 
of  the  axis,  the  theoretical  static  gain  is  entirely  eliminated  by  the  conversion  loss.  An  excellent  discussion  of  conversion  losses  with  experimental 
data  and  efficiency  curves  may  be  found  in  Fan  Engineering,  pages  120-12(1,  by  Willis  H.  Carrier,  member  A.  S.  M.  E.  Much  of  the  foregoing  is 
quite  elementary  in  character,  but  it  appears  that  the  characteristics  of  air  flow  are  perhaps  less  generally  understood  than  most  branches  of  engi¬ 
neering  data,  and  their  treatment  often  seorns  more  complex  than  illuminating,  considered  with  respect  to  the  average  needs  of  the  engineer. 
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Table  I. 


Valve  combinations. 

* 

Circumference  of  ports  in 
inches. 

Cross-sectional  area  of  ports 
in  square  inches. 

One 

valve. 

... 

Total. 

Total  in 
per  cent 
of  2.5- 
inch 
valve. 

1 

One  , 

valve.  1  otal- 

1 

Total  in 
per  cent 
of  2.5- 
mch 
valve. 

2  valves,  1.75  inches  diameter . 

1  \*alve,  2.5  inches  diameter . 

2  valves,  1.25  inches  diameter . 

Inches. 

5.498 

7.854 

3.927 

Inches. 
10.966 
7.S54 
7. 854 

Per  cent. 
140 
100 
100 

Sq.  in. 

2. 405 
4.909 
1.227 

Sq.  in. 

4. 810 
4. 909 
2.454 

Per  cent. 
97.8 
100 

50 

Diameters  and  port  areas  are  computed  upon  the  least  diameter  of  the  valve  or  port. 
In  the  case  of  the  larger  pair,  it  should  be  noted  that  the  diameter  of  1.75  inches,  used  for  con¬ 
venience,  gives  an  area  about  2  per  cent  less  than  that  required  by  the  geometrical  relation 
for  equal  area,  namely,  D^f0.5  =  0.7071  D  =  1.768  inches  diameter,  for  the  pair  to  equal  the 
area  of  the  single  valve. 

The  lifts  used  with  each  combination  of  valves  were  as  follows:  0.05,  0.10,  0.20,  0.30,  0.40 
0.50,  0.75,  1.00,  and  1.50  inches.  These  valve  lifts  were  carefully  laid  off  and  marked  on  the 
stems  and  the  settings  made  against  fixed  indicator  points  attached  to  the  head  of  the  cylinder. 
No  screw  thread  or  micrometer  arrangement  was  used,  and  the  probable  error  was  relatively 
much  greater  at  lower  lifts.  However,  independent  settings  at  low  lifts  checked  within  the 
limit  of  error  of  about  2  per  cent  contemplated  for  the  investigation  as  a  whole.  Adjustable 
clamps  were  used  to  hold  the  valves  in  position  when  set  and  readings  taken  covering  the  pres¬ 
sure  range  available. 

After  increasing  the  lift  up  to  1.5  inches  with  each  valve  combination,  the  valves  were 
reversed;  that  is,  the  stems  were  clamped  in  the  guides  so  a3  to  project  slightly  through  the 
ports,  the  valve  heads  remaining  entirely  outside  the  cylinder  and  readings  taken  to  determine 
the  flow  through  the  ports,  eliminating  the  effect  of  the  valve  heads  as  baffle  plates  in  the 
cylinder.  It  is  often  stated  in  works  on  design  that  lifting  a  valve  about  one-quarter  of  its 
diameter  develops  a  valve  area  equal  to  that  of  the  port.  This  is  correct  if  limited  to  geometric 
relations,  but  seriously  misleading  if  interpreted  as  providing  a  substantially  equal  effective 
orifice,  as  will  later  be  developed  in  the  experimental  results. 

Dr.  C.  E.  Lucke,  in  his  paper  on  “The  problem  of  aeroplane  engine  design,”  presented  at 
the  May  meeting  of  the  American  Society  of  Mechanical  Engineers,  1917,  makes  the  following 
statement  concerning  valve  lift: 

Coming  now  to  the  question  of  valves,  everyone  knows  that  it  is  of  no  consequence  to  lift  a  poppet  valve  more 
than  one-quarter  of  its  diameter.  It  is  also  true  that  the  valve  will  work  better,  and  the  volumetric  efficiency  and  mean 
effective  pressure  be  better,  the  larger  the  diameter  of  the  valve  and  the  smaller  the  lift;  that  is,  the  valve  should  not 
approach  the  quarter  diameter  lift.  That  condition  conforms  to  good  principles  of  gaseous  flow. 

EXPERIMENTAL  DATA. 

Tables  2,  3,  and  4  contain  the  data  recorded  in  the  tests  of  the  three  valve  combinations. 
They  are  similar  in  form  and  refer,  respectively,  to  the  1.75-inch  valves,  the  2.5-inch  valve, 
and  the  1.25-inch  valves.  The  pressure  readings  are  printed  as  read,  in  inches  of  water. 

The  readings  of  velocity  pressure  in  the  first  column  were  partly  taken  on  a  U-tube  inclined 
at  a  slope  of  10  to  1  to  facilitate  more  accurate  readings  of  small  quantities,  but  the  decimal 
point  is  recorded  so  as  to  show  pressures  in  inches  of  water,  vertical  head.  Readings  taken 
on  the  inclined  tube  are  given  to  three  places  after  the  decimal  point.  After  reaching  the 
limit  of  this  inclined  tube  at  about  30  inches,  or  3  inches  actual  head,  the  remaining  readings 
were  taken  on  the  usual  vertical  tubes.  This  column  represents  velocity  pressure  in  the  jet. 

The  second  column  shows  the  square  root  of  the  corresponding  reading  of  velocity  pressure 
in  the  first  column,  computed  by  slide  rule.  These  amounts  represent  the  relative  velocities 
in  the  jet.  The  third  column  or  lower  static  reading  refers  to  the  static  pressure  in  the  cylinder. 
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Where  these  readings  are  small,  the  probable  error  on  account  of  capillarity  or  inequality  in  the 
tubes  is  rather  large,  but  they  were  merely  used  for  a  rough  check  on  the  pressure  drop  through 
the  valve  tested,  shown  in  the  fourth  column,  which  was  read  from  a  tube  connected  to  both 
upper  and  lower  statics. 

The  square  root  of  pressure  drop  through  the  valve,  computed  by  slide  rule,  appears  in 
the  fifth  column  and  is  proportional  to  the  theoretical  mean  velocity  through  the  valve.  A 
separate  reading  on  the  upper  static  appears  in  the  sixth  column,  and  the  seventh  and  eighth 
columns  show  in  degrees  centigrade  the  considerable  variations  of  temperature  with  the 
velocity.  The  ninth  column  gives  the  valve  lift  and  the  tenth  column  the  coefficient  of  efflux, 
computed  on  valve  areas  equal  to  n  Dh  and  assuming  that  the  density  of  the  air  was  atmospheric. 

GRAPHICAL  COMPARISON  OF  FLOW. 

The  data  in  Table  2,  covering  the  test  of  the  pair  of  1.75-inch  valves  at  various  openings 
and  at  various  pressure  drops,  are  shown  graphically  in  Plate  2,  the  data  in  Table  3  on  the 
single  2. 5-inch  valve  in  Plate  3,  and  the  data  in  Table  4  on  the  pair  of  1.25-inch  valves  in  Plate  4. 
The  purpose  of  this  investigation  was  primarily  to  secure  comparatively  accurate  comparisons 
as  between  the  capacities  of  the  different  valve  combinations,  rather  than  to  secure  absolute 
quantitative  determination  of  the  flow  in  any  case.  It  will  readily  be  seen  that  the  velocity 
and  quantity  of  air  flowing  through  the  jet  at  the  outlet  of  the  system  will  be  proportional 
to  the  square  root  of  the  velocity  pressures  read  by  means  of  the  impact  tube  in  the  jet.  The 
vertical  scale  of  many  of  the  following  graphs  is  taken  from  the  second  columns  of  Tables  2, 
3,  and  4  and  is  termed  for  convenience  “Proportional  flow.”  It  is  equally  obvious  that  for 
accurate  quantity  determinations  corrections  should  be  made  for  temperature,  pressure,  and 
humidity  by  the  application  of  well-known  thermo-dynamic  formulae,  but  this  would  appear 
an  unnecessary  and  perhaps  misleading  refinement,  considering  the  general  degree  of  accuracy 
here  obtainable. 

The  horizontal  scale  is  laid  off  to  the  square  root  of  the  pressure  drop  through  the  valve 
combination  tested,  which  is  deemed  much  preferable  for  the  present  purpose  to  the  use  of  the 
pressure  drop  itself.  With  the  limited  range  of  pressures  available,  and  the  considerable  varia¬ 
tion  in  valve  areas  tested,  the  curves  obtained  by  plotting  to  the  pressure  drop  would  be  so 
distributed  that  no  single  ordinate  would  intercept  all  the  curves. 

The  system  used,  however,  produces  straight  line  graphs  passing  through  the  center  of 
coordinates,  as  the  velocity  through  the  valve  is  proportional  to  the  square  root  of  the  pressure 
drop,  for  any  given  lift,  and  these  graphs  may,  therefore,  be  extended  to  intercept  any  particular 
ordinate  without  appreciable  error,  which  greatly  facilitates  the  study  of  the  results  obtained. 

If  desired,  the  slope  of  each  graph  may  be  arithmetically  determined  by  computing  the 
average  ordinate  and  the  average  abscissa  for  the  points  on  any  one  line,  applying  suitable 
weights  to  any  readings  deemed  of  unequal  value,  the  slope  of  the  graph  being  fixed  by  the 
ratio  of  such  averages. 

Wherever  “proportional  flow”  is  used  as  a  basis  for  plotting  in  the  various  plates  shown, 
it  should  be  remembered  that  this  refers  to  flow  through  the  same  jet  in  all  cases,  without 
respect  to  the  valve  opening  or  pressure  drop  causing  the  flow,  and  that  the  various  results  so 
obtained  may,  therefore,  be  directly  compared,  owing  to  the  use  of  this  jet  as  the  common 
medium  of  measurement  in  all  tests. 

As  to  these  plates  2,  3,  and  4,  it  is  true  that  the  scale  is  small,  and  that  plotting  to  square 
roots  tends  to  reduce  the  magnitude  of  any  irregularities  in  the  points  obtained,  but  the  close 
coincidence  of  the  points  with  the  straight  graphs  passing  through  the  origin  seems  to  warrant 
the  conclusion  that  the  actual  velocity  through  the  valve  at  any  given  lift  varies  directly  with 
the  square  root  of  the  pressure  drop,  at  least  within  the  limits  of  these  tests,  as  does  the  theo- 
tetical  velocity.  It  further  follows  as  a  general  rule  within  these  limits  that  the  coefficient 
of  efflux  does  not  vary  with  the  pressure  drop.  Certain  limitations  upon  this  conclusion  may 
be  required,  however,  and  will  be  discussed  in  connection  with  the  graphs  showing  the  varia¬ 
tion  of  the  coefficient  of  efflux  with  the  lift. 
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Curves  of  equal  velocities  have  been  superimposed  upon  the  graphs  of  plates  2,  3,  and  4 
to  show  the  approximate  velocities  through  the  valves  in  feet  per  second.  At  about  the  average 
conditions  of  the  tests,  namely,  80°  F.,  55  per  cent  humidity,  68°  wet  bulb,  and  2. *.72  inches 
barometer,  air  weighs  0.0717  pound  per  cubic  foot.  Inserting  this  value  in  the  equation 
V  —  1 8.275  -yjpt-w  gives  V =68.2  Vp-  In  other  words,  assuming  air  at  this  density,  multiplying 
the  vertical  scale  bv  68.2  gives  actual  velocity  through  the  jet  in  feet  per  second,  and  applying 
the  same  correction  to  the  horizontal  scale  gives  theoretical  velocity  through  the  valves.  The 
actual  velocity  through  the  valves  may  then  be  obtained  either  by  applying  the  ratio  of  areas 
to  the  vertical  scale  of  jet  velocities  or  by  applying  the  proper  coefficient  of  efflux  to  the  hori¬ 
zontal  scale  of  theoretical  valve  velocities. 


Table  2. 

[Kind  of  measurement,  air  flow  through  poppet  valves;  instrument  tested,  two  valves  1$  inches  diameter,  continuous  flow’;  date,  May  23,  1818; 

humidity,  55  per  cent;  barometer,  755  mm.] 


Velocity 

pressure. 

Square 

root 

velocity 

pressure. 

Lower 

static. 

Pressure 

drop. 

Square 

root 

pressure 

drop. 

0. 250 

0.500 

0.20 

12. 40 

3.52 

.360 

.600 

.30 

16.65 

4.09 

.475 

.689 

.45 

22.00 

4.69 

.630 

.794 

.60 

28.30 

5.33 

.950 

.975 

1.10 

11.05 

3.33 

1. 520 

1.233 

1.50 

14.90 

3.86 

1.710 

1.31 

1.95 

19.25 

4.39 

2.850 

1.69 

2.75 

26.95 

5.19 

2.68 

1.64 

2.65 

8.45 

2.91 

3.65 

1.91 

3.50 

11.30 

3.36 

4.50 

2.12 

4.35 

13.95 

3.74 

6. 35 

2.52 

6.20 

19. 15 

4.38 

7.30 

2.70 

7.10 

22.40 

4.73 

4.00 

2.00 

3.80 

6.80 

2.61 

5.20 

2.28 

5.00 

8.90 

2.98 

6.35 

2. 52 

6.10 

10.75 

3.28 

8.95 

2.99 

8.60 

15.00 

3.87 

11.20 

3.45 

10.80 

18.80 

4.33 

4.80 

2.19 

4.60 

5. 70 

2.38 

6.15 

2.48 

5.95 

7.40 

2.  72 

7.50 

2. 74 

7.30 

9.00 

3.00 

10.50 

3. 24 

10.20 

12. 35 

3.51 

12.75 

3. 56 

12.  45 

14. 90 

3.86 

5.50 

2.34 

5.30 

4.95 

2.22 

7.05 

2.66 

6.90 

6.40 

2.53 

8. 70 

2.95 

8.  40 

7.55 

2. 75 

11.75 

3.42 

11.55 

10.35 

3.22 

14.30 

3.78 

14.15 

12.60 

3.55 

5.70 

2. 39 

5.50 

3.55 

1.89 

7. 45 

2.73 

7.30 

4.65 

2. 16 

8.90 

2.98 

8.65 

5.40 

2.32 

13.15 

3.12 

12.95 

8.00 

2.83 

16. 20 

4.02 

16.00 

9.65 

3.11 

6.25 

2.50 

6.00 

3.05 

1.75 

7.80 

2.79 

7.75 

4.00 

2.00 

9.60 

3.10 

9.25 

4.75 

2.18 

14. 15 

3.76 

13.80 

6.80 

2.61 

17.20 

4.15 

16.90 

8.30 

2.88 

6.40 

2.53 

6.20 

2.80 

1.67 

8.30 

2.88 

8.05 

3.55 

1.88 

9.90 

3.14 

9.55 

4.20 

2.05 

14.50 

3.81 

14.10 

5.85 

2. 42 

18.05 

4.25 

17.50 

7.20 

2.68 

6.20 

2.49 

6.05 

2.15 

1.47 

8.20 

2.86 

8.00 

2.80 

1.67 

10.50 

3.24 

9.65 

3.40 

1.84 

14.35 

3.78 

14. 10 

4.85 

2.20 

17. 55 

4.18 

17.10 

5.90 

2.43 

Upper 

static. 


12.75 

17.10 

22.65 

29.10 

12. 30 

16.50 

21.45 

29.85 

11.30 
15.00 

18.50 

25.30 

29.65 

10.85 
14.05 

16.95 

23.65 

29.90 

10.50 

14.45 

16.40 

22. 65 

27.30 

10. 40 

13.45 

15.75 
22.20 

26.90 
9.30 

12.05 

14. 15 

20.95 

25. 70 

9.20 

11.90 

14.10 

20.65 

25.20 
9.05 

11.70 

13.85 
20.05 

24.90 
8.40 

10.85 

13.15 
19.05 
23.00 


Temperature. 


Jet. 


26. 

26. 

29. 

31. 

27. 

29. 

30. 
34. 
29. 

29. 

30. 

32. 
34. 
29. 

29. 

30. 

32. 
34. 
29. 

29. 

30. 

31. 

33. 

28. 

29. 

30. 

31. 
33. 
29. 
29. 
29. 
31. 
33. 
28. 
29 
29. 
31. 
33. 
28. 
28. 
29. 

31. 

32. 
28. 
28. 
29. 

31 

32 


Room. 


23.1 

23.1 

23.3 

23.5 

23.7 

23.8 

23.9 
24.0 
24.0 


24.0 

24.0 


24.0 

24.0 


24.0 

24.0 


24.0 

24.0 


24.0 

24.0 


24.0 

24.0 


24-0 

24.0 


24.2 


Valve 

lift. 


Inches. 

0.05 


.10 


.20 


.30 


.40 


.50 


.75 


1.00 


1.50 


Valve  re¬ 
versed. 


Coefficient 

efflux. 


0.887 


.889 


.818 


.736 


.654 


.608 


.489 


.418 


.296 


Curves  representing  actual  velocities  of  100,  200,  and  300  feet  per  second  through  the 
valves  have  been  laid  off  by  the  former  method  and  agree  fairly  with  results  obtained  by  the 
latter  method,  except  as  to  irregularities  in  some  of  the  points  used  for  plotting  the  coefficient 
curves  later  presented. 

These  curves  may  be  used  to  approximate  the  actual  pressure  drop  necessary  to  produce 
a  given  velocity.  For  example,  in  plate  2  it  is  seen  that  the  pair  of  1.75-inch  valves  with  0.20 
lift  indicates  a  velocity  of  200  feet  per  second  at  the  ordinate,  corresponding  to  3.55  in  the 
horizontal  scale,  or  12.6  inches  of  water,  or  0.455  pound  per  square  inch  as  the  required  pressure 
drop.  It  should  be  noted  that  these  velocity  curves  are  merely  approximate  and  that  errors 
up  to  5  per  cent  or  so  may  be  found. 
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In  Plate  4,  figure  2,  will  be  found  an  illustration  of  the  manner  in  which  a  pair  of  1 .25- 
inch  valves  were  seated  in  the  cylinder  for  testing.  The  closely  shaded  sections  represent 
the  false  seat  of  hardwood,  and  the  dotted  sections  indicate  the  putty  used  to  join  the  ports  of 
the  false  seats  smoothly  to  the  passages. 

Before  making  the  putty  joint  as  shown,  two  tests  of  purely  collateral  interest  were  made 
at  0.3  inch  lift,  to  show'  the  effect  of  the  sharp  ledge  in  the  passage.  The  results  are  shown  by 
the  dotted  line  x—  y,  the  flow'  being  13  per  cent  less  for  any  given  pressure  drop  than  with 
the  passage  stream-lined  as  described.  It  is  therefore  evident  that  any  projections  or  sharp 
angles  in  the  passage  tend  to  greatly  reduce  the  flow,  as  might  well  be  anticipated. 

Table  3. 

TKind  of  measurement,  air  flow  through  poppet  valves;  instrument  tested,  one  valve  2J  inches  diameter,  continuous  flow;  date,  May  23,  1918; 
1  humidity,  56  per  cent;  barometer,  755  mm.] 


Velocity 

pressure. 

Square 

root 

velocity 

pressure. 

Lower 

static. 

Pressure 

drop. 

Square 

root 

pressure. 

drop. 

0.140 

0. 374 

0. 15 

12. 60 

3.55 

.225 

.475 

.25 

17.10 

4.13 

.370 

.608 

.35 

23. 20 

4.82 

.435 

.  660 

.  45 

25.  75 

5. 08 

.,505 

.710 

.  05 

11.35 

3. 36 

.840 

.915 

.90 

16,50 

3.94 

1.200 

1.097 

1 . 25 

20.60 

4. 55 

1.655 

1.290 

1.70 

27. 75 

5.27 

1.690 

1.30 

1.70 

9.55 

3.09 

2. 330 

1.53 

2.35 

12. 90 

3.59 

3.020 

1.74 

3.00 

16. 60 

4.07 

4.000 

2.00 

3.85 

20.  85 

4.56 

4. 750 

2.18 

4.50 

25.00 

5.00 

2.70 

1.64 

2.55 

8.35 

2.89 

3. 55 

1.88 

3.40 

11.15 

3. 34 

4. 55 

2.14 

4.40 

14.30 

3.78 

5.80 

2.41 

5. 70 

18. 40 

4.29 

7.25 

2.69 

7.00 

22. 50 

4. 75 

3. 70 

1.92 

3.50 

6.85 

2.62 

4.85 

2.20 

4.70 

9.15 

3.02 

6.05 

2.46 

5.90 

11.45 

3. 38 

7.85 

2.80 

7.65 

14.75 

3.84 

10.20 

3.19 

9.85 

18.65 

4.32 

4.40 

2.10 

4.20 

5.60 

2.37 

5.80 

2.41 

5.60 

7.40 

2.72 

7.20 

2. 68 

7.00 

9.25 

3.04 

9. 55 

3.09 

9.30 

12.10 

3.48 

11.85 

3.49 

11.45 

14.75 

3.84 

5. 40 

2. 32 

5. 20 

4.20 

2.05 

7. 15 

2.67 

6. 95 

5.50 

2. 34 

8.90 

2.98 

8.  60 

6.80 

2. 61 

11.90 

3.  44 

11.55 

9.05 

3. 01 

14.70 

3.88 

14.10 

10.80 

3.28 

5.80 

2. 41 

5.60 

3.75 

1.94 

7.70 

2.78 

7.40 

4.90 

2.22 

9.60 

3.10 

9.25 

6.05 

2.46 

12.90 

3.59 

12. 45 

7.95 

2.82 

15.20 

3.90 

14.30 

9.05 

3.01 

6.10 

2.47 

5.90 

3  30 

1.82 

8.10 

2.85 

7.90 

4.30 

2.08 

10. 05 

3.18 

9.80 

5.35 

2.32 

13.50 

3.67 

13.20 

7.05 

2.66 

15.80 

3.98 

15. 00 

7.85 

2.80 

6. 35 

2. 52 

6.15 

2.70 

1.64 

8.50 

2.92 

8.15 

3.50 

1.87 

10. 65 

3.26 

10.30 

4.35 

2.08 

14.40 

3.80 

14.00 

5.85 

2.42 

16.  70 

4.08 

15.80 

6. 40 

2.53 

Upper 

static. 


12.90 

17.40 

23.70 

26. 30 
12. 25 
16. 60 
22.00 

29.50 

11.50 

15.40 

19.60 

25.40 
29.65 
11.10 
14.80 

18.85 

24. 20 

29. 60 

10.60 
13.95 

17.40 

22.40 

28.20 
10.00 

13.20 

16. 40 

21.50 
26.00 

9.00 
12. 55 

15. 45 

20. 70 

24. 20 
9.50 

12.40 

15.40 

20. 45 

22.50 
9.40 

12. 25 

15.30 
20. 45 

22. 20 
9.05 

11. 75 

14. 75 

19.85 
21.20 


Temperature. 


Jet. 


29. 

30. 
32. 

34. 

31. 

32. 

33. 

35. 

31. 

32. 

33. 

35. 

36. 
31. 

31. 

32. 

33. 
35. 

30. 

31. 

32. 

33. 
35. 
31. 

31. 

32. 

33. 
35. 
28. 

30. 

31. 

33. 
35. 
31. 

31. 

32. 

34. 

35. 

31. 

32. 

33. 

34. 

35. 

31. 

32. 
32. 

34. 

35. 


Room. 


24.6 


25.0 

25.0 


25.0 

25.1 


25.1 

25.3 


25.3 

25.6 


25.6 

25.6 


25.6 

25.8 


25.8 

26.3 


26.3 

26.6 


26.6 

26.6 


26.6 


Valve 

lift. 


Inches. 

0.05 


.10 


.20 


.30 


.40 


.50 


.75 


1.00 


1.50 


Valve  re¬ 
versed. 


Coefficient 

efflux. 


0. 06 


.95 


.856 


.756 


.728 


.710 


.605 


..509 


.373 


The  very  common  custom  of  finishing  the  inlet  passages  with  two  bores  meeting  at  an  angle 
of  about  110  degrees  certainly  puts  a  heavy  restriction  upon  valve  efficiency,  but  doubtless 
constructional  convenience  may  be  held  to  justify  the  practice. 

Interesting  experimental  work  could  be  done  on  the  design  of  valve  guides,  possibly  joining 
them  to  the  wall  of  the  passage  with  a  wrob  of  stream-line  section.  Valves  with  an  extremely 
heavy  fillet  have  been  used  in  the  R.  A.  F.  3a  engine,  doubtless  with  the  idea  of  guiding  the  air 
current  smoothly  to  the  valve  opening.  Venturi  effects  in  the  passage  immediately  above  the 
valve  might  be  productive  of  excellent  results. 

The  use  of  the  putty  as  above  described  to  reduce  the  size  of  the  passage  to  the  diameter  of 
the  small  valve  introduced  a  converging  nozzle  effect  which  doubtless  tended  to  direct  the  air 
stream  inward  toward  the  valve  stem  and  thereby  slightly  impair  the  efficiency  of  this  small 
pair  of  valves. 
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It  is  evident  that  the  intercepts  on  any  ordinate  on  plate  2,  3,  or  4  will  represent  the  varia¬ 
tion  of  the  flow  with  the  valve  lift  at  the  pressure  drop  corresponding  to  the  ordinate  selected. 

Plate  5,  figure  1,  presents  such  curves  for  the  three  valve  combinations,  plotted  from 
intercepts  on  the  ordinates  corresponding  to  a  pressure  drop  of  16  inches  of  water,  the  ordinates 
numbered  4  in  the  square  root  scale.  The  relation  would  have  been  the  same  had  any  other 
ordinate  been  chosen,  hut  the  quantities  would  have  been  different. 

Table  4. 


HCind  of  measurement,  air  flow  through  poppet  valves;  instrument  tested,  two  valves  1J  inches  diameter,  continuous  flow;  date,  May  23,  1918; 
1  humidity,  53  per  cent;  barometer,  755  inin.) 


Velocity 

pressure. 

Square 

root 

velocity 

pressure. 

Lower 

static. 

Pressure 

drop. 

Square 

root 

pressure. 

drop. 

Upper 

static. 

0. 140 

0. 374 

0.20 

12. 05 

3.56 

12. 90 

.230 

.484 

.27 

17.45 

4.18 

17.80 

.350 

.591 

.40 

24.10 

4.91 

24.60 

.  420 

.  6-18 

.45 

26. 35 

5. 13 

26.85 

.  570 

.  755 

.  65 

11.40 

3.38 

12.05 

.  840 

.917 

.85 

10.35 

4.04 

16.00 

1.120 

1.060 

1.10 

20.10 

4. 49 

21.35 

1.440 

1.200 

1.40 

25. 00 

5. 06 

26. 10 

1.230 

1.11 

1.20 

10.50 

3.24 

11.85 

1.750 

1.32 

1.70 

14.40 

3.79 

16.25 

2. 330 

1.53 

2.30 

19. 25 

4.39 

21.70 

2. 930 

1.71 

2.95 

23.  60 

4.86 

26.60 

1.940 

1.39 

1.90 

9. 35 

3.06 

11.30 

2. 650 

1.63 

2.55 

12. 60 

3.55 

15. 35 

3. 550 

1.88 

3. 35 

16.  50 

4.06 

20. 00 

4.400 

2.10 

4.20 

20.  55 

4.5-1 

21.75 

5.200 

2.28 

4.70 

24. 20 

4.92 

29.20 

2.50 

1.58 

2.30 

8. 90 

2.98 

11.40 

3. 35 

1.83 

3.15 

12.  00 

3. 46 

15.35 

4. 35 

2.  09 

4.10 

15. 70 

3.96 

19.90 

5.30 

2.30 

5. 30 

20.10 

4.49 

25. 65 

0.25 

2.50 

6.05 

22.20 

4.71 

28.25 

2.70 

1.64 

2.50 

8.50 

2. 92 

11.30 

3.75 

1.94 

3.55 

11.55 

3.39 

15.10 

4.80 

2. 19 

4.70 

15. 15 

3.S9 

20.00 

5. 85 

2. 42 

5. 75 

18.40 

4. 29 

24. 20 

3.10 

1.76 

2.95 

8.35 

2.89 

11.45 

4.05 

2.01 

3.90 

10.  SO 

3.29 

14.80 

5.20 

2.28 

5. 05 

14. 00 

3.74 

19.20 

6.00 

2.57 

6.40 

17.70 

4.20 

24.05 

3.10 

1.76 

2. 95 

7.80 

2.79 

10.90 

4.20 

2. 05 

4.00 

10. 45 

3.24 

14. 60 

5.75 

2. 40 

5.  00 

14.25 

3.78 

20.00 

7.10 

2. 66 

6.90 

17.65 

4.20 

24. 60 

3.35 

l.  S3 

3.20 

7.90 

2.81 

11.25 

4. 35 

2.08 

4.10 

10.25 

3.20 

14. 45 

6.00 

2. 45 

5.85 

13.60 

3.68 

19.  30 

7.10 

2. 00 

6. 90 

16. 50 

4.06 

23. 50 

3. 35 

1.83 

3.15 

7.50 

2.74 

10.90 

4.00 

2.15 

4.30 

10.05 

3.17 

14.60 

5.90 

3.43 

5.75 

13.25 

3.  64 

19. 10 

7.25 

2.69 

7.10 

16. 20 

4.02 

23. 35 

.Tet. 


30. 

32. 
34. 

36. 
34. 

34. 

35. 

37. 

33. 

34. 
3G. 
37. 
34. 

34. 

35. 

37. 
39. 
34. 

34. 

35. 

38. 

39. 

32. 

33. 

35. 

36. 

33. 

34. 
35 

37. 
34. 

34. 

35. 
37. 
34. 

34. 

35. 
37. 

33. 

34. 

35. 

36. 


rature. 

Valve 

lift. 

Coefficient 

efflux. 

Room. 

O 

27.0 

Inches. 

0. 05 

0. 96 

27.0 

27.1 

.10 

.92 

27.1 

27.1 

.20 

.691 

27.1 

27.2 

.30 

.613 

27.2 

27.2 

.40 

.528 

27.2 

27.5 

.50 

.459 

27.5 

27.9 

.75 

.397 

27.9 

27.9 

1.00 

.254 

27.9 

1.50 

.174 

27.9 

1  Valve  re- 
j  versed. 

\ 

/ . 

The  curve  of  flow  for  the  single  2.5-inch  valve  lies  between  those  of  the  pairs  of  valves  at  all 
lifts.  It  is  found  to  be  very  nearly  equal  to  that  of  the  smaller  pair  for  low  lifts  and  approxi¬ 
mates  that  of  the  larger  pair  at  the  higher  lifts. 

These  curves  are  plotted  against  valve  lift  in  inches,  but  for  convenience  the  points  equal 
to  one  quarter  and  one-half  diameter  have  been  marked  on  each  curve.  By  interpolation 
between  these  points  and  others  similarly  located  the  approximate  curve  of  flow  for  two  valves 
of  1.5  inch  diameter  is  presented.  This  indicates  a  flow  quite  closely  equal  to  that  of  the  single 
2.5-inch  valve  up  to  a  lift  of  about  0.6  inch. 

The  vertical  intercepts  of  these  four  curves  on  ordinates  corresponding  to  various  valve 
lifts  are  compared  in  Table  5,  in  percentages  of  the  flow  of  the  single  valve. 


Table  5. 


Lift  in  inches . 

0.125 

0.25 

0.375 

0.500 

0.625 

0.750 

2  valves,  1.75  inches . 

Per  cent. 
137 
114 
100 
85 

Per  cent. 
129 
106 
100 
77 

Per  cent. 
125 
101 
100 
72 

Per  cent. 
119 
94 
100 
65 

Per  cent. 
116 
90 
100 
59 

Per  cent. 
113 
87 
100 
54 

2  valvesj  1.50  inches 1 . 

1  valve,  2.5  inches . 

2  valves,  1.25  inches . 

‘  Interpolated. 
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The  points  connected  to  the  curves  by  broken  lines  indicate,  to  vertica'  scale  only,  the 
flow  with  the  valves  reversed.  This  might  be  considered  equivalent  to  the  flow  with  the  valves 
at  an  infinite  lift,  which  agrees  with  the  horizontal  trend  of  the  curves,  but  more  practically, 
these  points  represent  the  maximum  limit  of  flow  through  the  respective  ports  at  this  pressure 
drop.  These  curves,  comparing  performance  upon  a  basis  of  equal  lift  in  inches,  are  particu¬ 
larly  applicable  where  it  is  conceded  that  mechanical  features  generally  limit  the  possible  lift 
regardless  of  valve  diameter. 

On  the  other  hand,  it  is  often  asserted  that  the  proper  limit  of  valve  lift  is  a  function  of 
the  diameter,  and  for  purposes  of  comparison  on  this  basis,  figure  2  of  plate  5  has  been  pre¬ 
pared  from  the  curves  last  discussed,  changing  the  horizontal  scale  to  read  in  per  cent  of  the 
diameter  of  each  valve.  In  the  case  of  pairs  of  valves,  the  flow  of  both  is  plotted  against  the 
lift,  expressed  in  per  cent  of  the  diameter  of  one  valve  only. 

The  result  of  this  transposition  is  at  once  apparent.  The  intercepts  on  any  ordinate  very 
closely  agree  with  the  proportionate  cross-sectional  port  areas  of  the  several  v  lve  combina¬ 
tions,  and  in  the  case  of  the  two  curves  corresponding  to  valve  combinations  with  equal  cross- 
sectional  port  area,  the  curves  coincide  within  the  probable  error  of  the  work.  Up  to  a  lift 
of  0.5  diameter  the  coincidence  is  all  the  more  exact  if  it  be  remembered  that  the  two  ]  .75-inch 
valves  have  an  area  about  2  per  cent  less  than  the  single  2.5-inch  valve. 

From  this  it  would  appear  reasonable  to  infer  that  under  fairly  similar  conditions  different 
valves  or  combinations  of  valves  have  capacities  in  proportion  to  their  respective  cross- 
sectional  port  areas,  ■when  the  lift  in  each  case  is  same  per  cent  of  their  respective  diameters. 

It  also  seems  logical  to  infer  that  the  theory  of  the  hydraulic  mean  radius  has  but  little 
application  to  the  losses  in  poppet  valves,  it  being  more  properly  applicable  to  what  may, 
for  convenience,  be  termed  surface  friction,  or  actual  rubbing  of  the  moving  fluid  upon  the 
surrounding  wall,  whence  its  derivation — the  relation  of  cross-sectional  area  to  perimeter  in 
contact  with  the  moving  fluid. 

In  the  case  of  continuous  flow  through  a  pipe  or  conduit,  pressure  losses  may  be  classified 
as  friction  losses  and  dynamic  losses,  although  no  sharp  distinction  can  be  drawn.  Dynamic 
losses  are  due  to  change  in  direction,  either  of  the  whole  column  or  its  lesser  parts,  as  at  elbows, 
nozzles,  or  offsets;  and  friction  of  the  fluid  against  the  walls  undoubtedly  causes  a  rolling 
motion,  with  change  of  both  direction  and  velocity  in  the  adjacent  particles.  The  change  in 
direction  at  an  elbow  will  cause  a  greater  pressure  with  greater  friction  on  the  outer  side.  An 
easy  radius  elbow  is  ordinarily  estimated  to  cause  a  pressure  loss  equal  to  the  friction  loss  in 
10  diameters  of  straight  pipe,  but  a  right  angle  or  mitered  joint  in  the  pipe  will  cause  a  loss 
equal  to  the  friction  loss  in  nearly  50  diameters.1  It  is  thus  evident  that  where  marked  changes 
in  direction  take  place  in  a  length  of  but  two  or  three  diameters,  the  dynamic  losses  may  be 
many  times  as  great  as  the  losses  due  to  friction,  and  the  case  of  the  inlet  passage  terminating 
in  a  poppet  valve  falls  in  this  class. 

As  a  rough  comparison  of  probable  friction  loss  and  dynamic  loss,  it  may  be  assumed  that 
the  friction  in  the  passage  and  at  the  lip  of  the  valve  is  equivalent  to  that  of  5  diameters  of 
straight  pipe  at  the  same  velocity.  From  Mr.  Busey’s  experiments,  dynamic  losses  might  be 
expected  equal  to  the  friction  loss  in  about  8  diameters,  due  to  the  curvature  of  the  passage, 
and  further  dynamic  losses  equal  to  the  friction  in  at  least  30  diameters,  due  to  the  sharp  change 
of  direction  at  the  valve  seat,  —  60  degrees  at  low  lifts  with  a  30-degree  seat.  If  this  compari¬ 
son  is  within  the  limits  of  fair  approximation,  Mr.  Pomeroy’s  39  per  cent  greater  friction  loss 
is  only  applicable  to  about  15  per  cent  of  the  total  loss,  or  about  6  per  cent  less  capacity  would 
be  expected  from  a  pair  of  valves  having  0.7  the  diameter  and  0.7  the  lift  of  a  single  valve. 
From  the  data  here  obtained  it  appears  that  the  two  valves  have  only  about  2  per  cent  less  capac¬ 
ity  at  0.7  the  lift. 

For  ready  comparison,  Table  6  has  been  prepared  from  the  vertical  intercepts  on  the  curves 
of  figure  2,  plate  5,  showing  the  relative  cross-sectional  port  areas  and  capacities  in  per  cent 


1  “Loss  of  Pressure  Due  to  Elbows,”  Frank  L.  Busey,  Proc.  of  Am.  Soc.  of  Heating  and  Ventilating  Engineers,  1913. 
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of  the  area  and  capacity  of  the  single  2.5-inch  valve,  each  valve  being  lifted  the  same  per  cent 
of  its  diameter. 

Table  6. 


Relative 

area. 

Relative  flow  at  lift  equal  to — 

0.1  di¬ 
ameter. 

0.15  di¬ 
ameter. 

0.20  di¬ 
ameter. 

0.25  di¬ 
ameter. 

Per  cent . 
98 

Per  cent. 
96 

Per  cent. 
96 

Per  cent. 
96 

Per  cent. 
96 

72 

70 

69 

69 

69 

100 

100 

100 

100 

100 

2  Valve*1  1  2S  fTy>hA8  riiametar . 

50 

46 

45 

45 

45 

i  By  interpolation. 


It  is  evident  from  an  inspection  of  the  curves  on  plate  5  that  a  lift  equal  to  one-quarter 
diameter  develops  less  than  67  per  cent  of  the  full  capacity  of  the  port,  and  that  a  lift  of  one- 
half  diameter  develops  80  to  90  per  cent  of  the  full  capacity. 

The  coefficient  of  efflux  is  taken  as  the  ratio  of  the  observed  mean  velocity  through  the 
valve  to  the  mean  velocity  which  would  theoretically  result  from  an  equal  pressure  drop. 
Assuming  that  the  temperature,  density,  and  humidity  of  the  air  are  the  same  at  the  valve 
as  at  the  jet,  this  coefficient  may  be  obtained  directly  from  the  relation  of  the  areas  and  the 
proportional  velocities  set  forth  in  Tables  2,  3,  and  4.  The  proportional  velocity  at  the  jet 
multiplied  by  the  ratio  of  the  jet  area  to  valve  area  gives  the  proportional  velocity  through 
the  valve.  If  the  ratio  of  this  velocity  to  the  square  root  of  the  pressure  drop  be  taken,  the 
result  is  the  coefficient  of  efflux.  To  be  more  exact,  this  should  be  multiplied  by  0.99,  the 
coefficient  of  the  jet.  _ 

The  above  short  method  may  be  justified  by  developing  the  usual  equation  F=V2  g  h 
in  the  units  here  most  convenient: 

V—  velocity  in  feet  per  second. 

g  —  acceleration  constant  of  gravity  in  feet  per  second. 

7i  =  head  of  air  in  feet  causing  the  flow. 

Substituting  the  head  in  inches  of  water: 

T7  /_  62.3  i  /“  57193  1Q07,  Ip 

2gP'w~  =18'275V» 


where  w  is  the  weight  of  water  in  pounds  per  cubic  foot,  62.31  is  the  weight  of  water  in  pounds 
per  cubic  foot,  and  p  is  the  pressure  head  in  inches  of  water. 

This  equation  is  deemed  sufficiently  accurate  for  the  low  pressures  here  subjected  to 
examination. 

Now,  if  A  =  the  jet  area,  and 
a  =  the  valve  area, 


the  mean  velocity  through  the  valve  is  18.275  where  p  is  the  velocity  pressure  and  w  the 

density  of  the  air  at  the  jet. 

The  theoretical  mean  velocity  through  the  valve  is  18.275  yy  where  P  and  W  are,  re¬ 
spectively,  the  pressure  drop  and  the  density  of  the  air  at  the  valve. 


The  Coefficient  of  Efflux  = 


18.275 

J* 

a 

V  w 

18.275 

U 

V 

w 

A Jjr 

a^JP 


where  the  density  of  the  air  is  the  same  in  the  jet  and  in  the  valve. 
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Iii  computing  the  coefficient  the  valve  area  has  been  taken  as  t  D  h  for  all  lifts.  It  is  realized 
that  for  small  lifts  the  aid  of  trigonometrical  formulae  may  be  invoked  to  determine  accurately 
the  least  area  of  opening,  but  the  same  formulae  are  not  applicable  at  higher  lifts.  Moreover, 
they  are  only  justifiable  upon  the  theory  that  the  lines  of  flow  are  parallel  to  the  slope  of  the 
valve  seat,  a  condition  which  certainly  does  not  obtain  for  any  except  the  smallest  lifts. 

In  plate  6  the  coefficients  of  efflux  will  be  found,  plotted  against  valve  lift  in  inches  in  figure 
1  and  against  lift  in  per  cent  of  diameter  in  figure  2.  These  coefficients  are  considerably  higher 
at  low  lifts,  a  feature  somewhat  difficult  to  explain  satisfactorily.  Both  friction  and  dynamic 


Plate  6. 

losses  should  be  greater  at  low  lifts,  as  the  ratio  of  perimeter  to  area  is  then  greater  and  the 
angular  deflection  sharper.  It  seems  probable  that  there  is  an  approximation  to  a  jet  action 
at  low  lifts,  the  discharge  taking  place  into  a  region  of  relatively  low  pressure,  somewhat  after 
the  manner  of  the  true  jet  used  for  measurement  at  the  outlet  end  of  the  cylinder.  The  com¬ 
paratively  high  discharge  efficiency  of  any  such  jet  seems  to  make  this  the  most  probable 
explanation  of  the  high  coefficients. 

If  such  jet  action  takes  place,  the  pressure  in  the  valve  area  should  approximate  that  of 
the  cylinder  itself,  and  the  theoretical  velocity  through  the  valve  should  be  computed  upon 
the  lower  pressure  rather  than  the  higher.  This  would  reduce  the  error  involved  in  computing 
167080— S.  Doc.  307,  65-3 - 5 
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the  theoretical  flow  and  coefficient  upon  the  assumption  of  atmospheric  density  in  the  valve, 
as  has  been  done. 

The  maximum  static  pressure  in  the  cylinder  was  17.5  inches  of  water.  As  a  pressure  of  1 
inch  of  water  is  equal  to  a  pressure  of  0.5768  ounce  per  square  inch,  this  would  equal  a  pressure 
of  10.09  ounces,  or  0.631  pound,  per  square  inch,  or  an  absolute  pressure  of  15.23  pounds  per 
square  inch,  755  millimeters  observed  atmospheric  pressure  being  equal  to  14.60  pounds  per 
square  inch.  The  density  of  the  air  varying  with  the  absolute  pressure  and  the  ratio  of  abso¬ 
lute  pressures  being  1.046,  the  error  involved  under  the  above  assumptions  would  be  about 
2.2  per  cent  as  the  density  of  the  air  enters  the  equation  under  the  radical  sign.  This  error 
would  be  materially  less  at  the  lower  lifts,  the  pressures  in  the  cylinder  were  then  being  con¬ 
siderably  less.  No  appreciable  error  would  appear  to  be  introduced  by  assuming  equal  tempera¬ 
ture  and  equal  humidity  at  valve  and  jet  for  any  given  valve  opening  and  pressure  drop. 

Referring  again  to  plate  6,  it  will  be  noted  that  in  figure  1,  where  the  coefficients  are  com¬ 
pared  at  the  same  absolute  lift,  the  differences  between  the  three  valve  combinations  are  quite 
considerable,  and  that  at  the  very  low  lifts  the  points  plotted  present  some  irregularities.  The 
curves  have  been  drawn  to  conform  to  the  greatest  number  of  points  reasonably  possible,  and 
the  curves  in  figure  2  have  been  plotted  from  those  in  figure  1.  The  points  for  the  two  larger 
combinations  so  nearly  coincide  in  figure  2  that  but  one  line  has  been  drawn. 

The  relative  intercepts  of  the  coefficient  curves  in  figure  1  at  various  absolute  lifts,  ex¬ 
pressed  in  per  cent  of  the  values  for  the  single  2.5-inch  valve,  are  presented  in  Table  7. 

Table  7. 


Relative  coefficient  of  efflux. 

Valve  lift  in  inches . 

0.125 

0.25 

0.375 

0.50 

0.625 

2  valves,  1.75  inches  diameter . 

Per  cent. 
96 
100 
87 

Per  cent. 
94 
100 
79 

Per  cent. 
91 
100 
73 

Per  cent. 
89 
100 
69 

Per  cent. 
86 
100 
64 

1  valve  2  5  inches  diameter . 

2  valves,  1.25  inches  diameter . 

In  figure  2  it  will  be  seen  that  when  compared  on  a  basis  of  equal  valve  lifts,  expressed  in 
per  cent  of  diameter,  the  coefficients  are  much  more  nearly  equal,  the  curves  for  the  two  larger 
combinations  coinciding,  and  that  for  the  small  valves  being  but  little  lower.  It  seems  entirely 
probable  that  even  this  small  difference  is  largely  caused  by  the  converging  lines  of  the  passages 
leading  to  these  small  valves,  as  before  explained.  The  comparative  values  are  here  shown. 

Table  8. 


Relative  coefficient  of  efflux. 

Valve  lift  in  per  cent  of  diameter . 

0. 10 

0.15 

0.20 

0.25 

0.30 

2  valves,  1.75  inches  diameter . 

Per  cent. 
100 
100 
93 

Per  cent. 
100 
100 
92 

Per  cent . 
100 
100 
91 

Per  cent. 
100 
100 
90 

Per  cent . 
100 
100 
90 

1  valve,  2.50  inches  diameter . . . 

2  valves,  1.25  inches  diameter . 

GENERAL  CONSIDERATIONS. 

The  only  experimental  investigation  of  the  flow  of  air  through  poppet  valves  of  which 
record  was  found  in  the  technical  publications  was  carried  out  as  a  thesis  by  Mr.  R.  M.  Strong 
and  Mr.  F.  W.  Hollman,  and  later  published  by  Prof.  C.  E.  Lucke  under  the  title,  “  Pressure 
Drop  Through  Poppet  Valves,”  Vol.  27,  Transactions  of  the  American  Society  of  Mechanical 
Engineers  (1905).  Prof.  Lucke  seems  to  have  been  the  first  to  call  attention  to  two  noteworthy 
characteristics,  which  are  found  to  be  supported  by  the  data  here  presented;  first,  that  the 
coefficient  of  efflux,  computed  for  air  at  atmospheric  density,  is  nearly  constant  for  all  pressure 
drops;  and,  second,  that  this  coefficient  is  much  larger  for  low  lifts.  Tests  were  made  both  with 
continuous  flow  and  intermittent  flow,  the  latter  being  as  nearly  as  possible  similar  to  actual 
operating  conditions  for  the  two  gas  engines  tested,  and  it  was  found  that  the  coefficient  of 
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efflux  for  continuous  flow  was  not  the  same  as  that  for  intermittent  flow,  even  at  the  point  of 
zero  acceleration. 

It  is  patent  that  extreme  care  should  be  exercised  in  any  attempt  to  apply  the  results  of 
continuous-flow  experiments  to  flow  under  operating  or  intermittent  conditions,  since  inertia 
and  resonance  effects  in  the  inlet  manifold  will  obviously  make  great  differences  in  the  absolute 
quantities,  and  these  effects  will  vary  with  the  type  of  manifold  used.  Moreover,  the  pressure 
drop,  velocity,  and  coefficient  will  obviously  vary  with  many  other  factors  as  between  different 
engines,  different  speeds  for  the  same  engine,  and  as  to  instantaneous  values  at  different  points 
of  the  stroke  for  a  given  engine  at  a  given  speed. 

However,  in  the  question  of  design  as  to  whether  two  inlet  valves  or  one  should  be  used, 
it  is  believed  the  comparative  results  here  presented  may  be  made  to  serve  a  real  purpose. 
It  is  difficult  to  perceive  any  reason  why  the  comparative  relations  obtaining  between  these 
three  valve  combinations  for  continuous  flow  should  not  find  some  parallel  in  the  comparative 
relations  between  the  same  three  combinations  for  intermittent  flow,  if  no  other  variables  are 
permitted  to  affect  the  comparative  results  in  the  latter  case.  Only  inherent  differences  between 
tile  three  combinations,  effective  with  intermittent  flow  and  noneffective  with  continuous  flow, 
or  vice  versa,  would  appear  capable  of  affecting  this  parallel,  and  it  is  improbable  that  such 
differences,  if  any,  are  of  great  magnitude. 

It  is  hoped  that  these  modest  experiments,  will  arouse  interest  in  the  question  ot  multiple 
valves,  and  certainly  the  discussion  of  any  direct  comparisons  obtained  in  practice  would  be 
very  interesting.  Aeronautic  engines  of  to-day  have  so  nearly  approached  the  theoretical 
limit  of  efficiency  that  even  small  improvements  may  be  well  worth  while,  but  it  seems  probable 
that  the  mechanical  advantages  of  dual  or  multiple  valves  may  be  of  even  more  importance. 

The  dimensions  of  the  cylinder  model  used  for  these  experiments  offer  a  ready  basis  for 
discussion,  and  are  commonly  encountered  in  aviation  engine  practice,  the  bore  being  5  inches 
and  the  diameter  of  combustion  chamber  5.75  inches.  A  combustion  chamber  of  this  size 
permits  the  use  of  two  valves  of  2.5  inches  diameter,  or  four  valves  of  1.875  inches  diameter, 
inclined  at  15  or  20  degrees  to  the  cylinder  axis  in  both  cases.  Four  1.75-inch  valves  can  be 
placed  in  a  5.5-inch  cylinder  head  inclined,  or  a  5.75-inch  cylinder  head  vertical;  and  four 
1.5-inch  valves  are  even  more  readily  accommodated  in  a  5-inch  cylinder  head,  or  a  cylinder 
having  the  combustion  chamber  the  same  diameter  as  the  cylinder  proper.  These  valves  may 
be  placed  vertically,  and  the  cylinder  is  much  more  easily  machined.  The  combustion  chamber 
will  have  better  proportions,  and  the  slight  increase  in  cylinder  height  will  be  more  than  offset 
as  to  over-all  height  by  the  saving  in  spring  length. 

Two  1 .5-inch  valves  will  have  a  flow  capacity  equal  to  one  2.5-inch  valve  at  the  same  pressure 
drop  and  the  same  lift,  will  present  but  72  per  cent  as  much  area  to  any  pressure  in  the  cylinder  at 
the  time  of  opening,  and  will  weigh  but  56  per  cent  of  the  weight  of  the  single  valve,  assuming 
that  the  weights  vary  as  Z>2-5,  which  is  approximately  correct  for  these  sizes.  Assuming  any 
reasonable  pressure  in  the  cylinder  at  the  time  of  valve  opening,  and  spring  tensions  in  propor¬ 
tion  to  valve  weights,  it  is  evident  that  the  two  small  valves  will  require  less  than  half  the 
power  to  open  them,  and  this  will  be  a  direct  saving  of  mechanical  loss,  as  valve  action  is  not 
the  type  of  reciprocating  motion  which  can  return  during  one  portion  of  the  stroke  energy 
stored  during  another  portion,  excepting  only  the  energy  stored  in  the  spring. 

It  has  been  said  that  valves  in  pairs  are  more  difficult  to  cool  than  single  valves,  but  this 
does  not  appear  to  stand  analysis.  The  proportion  of  the  5-inch  cylinder  head  occupied  by  the 
small  valves  is  only  about  95  per  cent  of  the  proportion  of  the  5.75-inch  head  occupied  by  the 
large  valve.  The  circumference  of  the  two  valves  is  20  per  cent  greater  than  that  of  the  single 
valve,  and  although  the  seats  would  have  somewhat  less  width,  the  distance  of  heat  flow  in  this 
direction  would  be  but  60  per  cent  as  great.  As  to  the  portion  of  the  heat  which  flows  to  the 
guide,  the  conditions  are  also  somewhat  in  favor  of  the  small  valves,  the  distance  to  the  water- 
cooled  portion  of  the  guide  being  less  and  the  proportion  of  water-cooled  guide  greater. 

In  one  example  of  foreign  engine  design  dual  valves  of  about  this  size  are  lifted  to  one- 
half  diameter  and  give  entirely  satisfactory  operation  at  speeds  up  to  2,200  revolutions  per 
minute.  The  possibilities  in  this  direction  are  largely  untried,  but  the  negative  work  used  in 
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overcoming  valve  resistance  to  inlet  flow  might  be  reduced  with  small  valves  at  high  lifts  and 
the  volumetric  efficiency  increased  without  introducing  serious  mechanical  difficulties.  This, 
of  course,  is  contrary  to  the  principle  of  using  low  lifts  to  secure  a  higher  coefficient,  but  still 
the  over-all  result  might  be  beneficial. 

The  comparison  of  a  single  2.5-inch  valve  to  a  pair  of  1.75-inch  valves  may  be  analyzed 
in  much  the  same  manner,  and  as  to  heat  conditions  the  result  would  seem  slightly  in  favor  of 
the  pair.  If  lifted  0.375  inch,  the  capacity  will  be  25  per  cent  greater  than  that  of  one  2.5-inch 
valve,  according  to  the  experimental  results  shown  in  Table  5,  or  the  resistance  will  be  but  64 
per  cent  as  great,  the  resistance  varying  approximately  with  the  square  of  velocity  or  capacity. 
This  should  result  in  higher  volumetric  efficiency.  The  superficial  area  of  the  two  combina¬ 
tions  would  be  practically  equal,  but  the  weight  of  the  pair  would  be  but  82  per  cent  of  that  of 
the  single  valve,  with  correspondingly  reduced  total  spring  tension  and  slightly  reduced 
mechanical  loss. 

Interesting  comparisons  may  be  drawn  from  data  published  by  the  Automobile  Engineer, 
London,  Volume  VII,  Nos.  105-6-8-9  (1917),  covering  Benz  and  Mercedes  engines,  each  make 
being  constructed  in  both  2-valve  and  4-valve  models.  Except  for  the  valve  changes  and  an 
increase  in  compression  ratio  from  4.50  to  about  4.90,  the  design  of  the  4-valve  models  is  much 
the  same  as  that  of  the  respective  2-valve  types.  The  data  are  represented  in  Table  9,  the 
ratio  of  volume  to  horsepower  and  brake  mean  pressure  being  given  for  the  rated  power  at 
1,400  revolutions  per  minute  for  each  engine.  The  “valve  factor”  is  one-half  the  product  of 
inlet-valve  opening  area  by  the  number  of  degrees  open  divided  by  the  displacement  of  one 
piston,  affording  a  ready  index  of  relative  valve  capacity. 


Table  9. 


Engine. 


Bore,  inches . 

Stroke,  inches . 

Piston  displacement  per  cylinder,  cubic  inches.... 

Piston  displacement,  total  cubic  inches . 

Valve  port  diameter,  inches . 

Valve  lift,  inches . 

Inlet  valve  opening,  square  inches . 

Rated  horsepower . 

Rated  revolutions  per  minute . 

Maximum  horsepower . 

Maximum  revolutions  per  minute . 

Inlet-valve  opening,  degrees . 

Area  inlet  pipe,  square  inches . 

Cubic  inches  piston  displacement  per  horsepower. 

Compression,  ratio . 

Valve  factor . 

Brake,  mean  effective  pressure . 


Benz 

4- valve. 

Mercedes 

4-valve. 

Benz 

2-valve. 

Mercedes 

2-valve. 

5. 71 

6. 30 

5.12 

5.51 

7.  48 

7.09 

7. 09 

6.30 

191.38 

220.  82 

146.05 

150. 20 

1,148.30 

1,324. 90 

876. 30 

901.20 

2.04 

2.17 

2.42 

2.67 

.465 

.398 

.433 

.440 

2.99 

2. 72 

3.29 

3.70 

230 

260 

160 

160 

1,400 

1,400 

1,400 

1,400 

250 

270 

164 

162.5 

1,650 

1,650 

1,400 

1,400 

245 

228.3 

240 

213 

3. 65 

6.85 

2. 96 

3. 54 

4.99 

5. 10 

5.48 

5.63 

4.91 

4.94 

4.50 

4.50 

3. 80 

2.  82 

2.70 

2. 62 

113 

107.5 

103 

102 

The  valve  factor  for  the  4-valve  Mercedes  is  but  slightly  larger  than  that  of  the  2-valve, 
and  the  mean  effective  pressure  is  increased  only  5  per  cent,  which  is  practically  accounted 
for  by  the  increase  in  compression  ratio  from  4.50  to  4.94.  In  the  Benz  4-valve,  the  factor  is 
increased  35  per  cent  and  the  mean  effective  pressure  increased  10  per  cent,  only  about  one- 
half  of  which  can  be  due  to  the  increase  in  compression  ratio  from  4.50  to  4.91. 

In  plate  7  a  comparison  is  made  of  the  power  output  of  these  four  engines  plotted  against 
gas  velocity  through  the  inlet  valve.  These  velocities  are  computed  for  this  comparative 
purpose,  as  the  ratio  of  piston  displacement  per  explosion  to  one-half  the  product  of  valve¬ 
opening  area  by  the  time  of  the  opening.  The  broken  curves  represent  the  4-valve  Benz  and 
Mercedes,  respectively,  reduced  approximately  to  compensate  for  difference  in  compression 
ratio. 

In  conclusion,  a  summary  of  the  results  experimentally  derived  is  presented.  It  should 
be  borne  in  mind  that  the  number  and  character  of  the  experiments  is  not  such  as  to  render 
them  final  and  conclusive.  It  is  earnestly  hoped  that  further  and  more  extensive  data  bearing 
upon  this  subject  will  be  experimentally  obtained  and  published,  and  it  is  believed  that  the 
results  here  presented  will  be  found  substantially  correct  in  the  light  of  later  research.  Cau- 
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tion  should  be  exercised  in  the  application  of  these  results,  for  apparent  similarity  with  respect 
to  air  flow  is  often  most  deceptive. 


CONCLUSIONS. 


1.  The  coefficient  of  efflux  is  practically  constant,  for  all  pressure  drops  (at  least  below  1 
pound  per  square  inch)  where  the  lower  pressure  is  approximately  atmospheric,  and  the  theo¬ 
retical  flow  is  computed  upon  air  at  atmospheric  density. 

2.  Under  conditions  of  general  similarity,  the  coefficient  of  efflux  is  very  nearly  the  same 
for  valves  of  different  sizes,  at  equal  lifts  expressed  in  per  cent  of  their  respective  diameters. 


3.  Lifting  a  valve  one-quarter  of  its  diameter  may  develop  an  area  of  opening  geometrically 
equal  to  its  port  area,  but  affords  a  capacity  less  than  67  per  cent  of  that  of  the  unobstructed 
port,  at  the  same  pressure  drop ;  a  lift  equal  to  one-half  diameter  develops  80  to  90  per  cent  of 
this  maximum  capacity. 

4.  At  the  same  pressure  drop,  one  valve  of  diameter  D  and  lift  h  is  equal  in  capacity  to: 

First.  A  pair  of  valves  of  diameter  0.707  D  (equal  port  area)  and  lift  0.707  h. 

Second.  A  pair  of  valves  of  diameter  0.6  D  and  lift  Ji,  for  values  of  h  not  exceeding  about 
0.25  D. 
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NOMENCLATURE  FOR  AERONAUTICS. 

By  the  National  Advisory  Committee  for  Aeronautics. 

INTRODUCTION. 

The  following  nomenclature  was  adopted  by  the  National  Advisory  Committee  for  Aero¬ 
nautics  at  its  annual  meeting  October  10,  1918. 

The  purpose  of  its  adoption  and  publication  is  to  help  secure  uniformity  in  the  official 

documents  of  the  Government  as  well  as  in  the  technical  journals. 

AERONAUTICAL  NOMENCLATURE. 

Aerofoil:  A  winglike  structure,  flat  or  curved,  designed  to  obtain  reaction  upon  its  surfaces 
from  the  air  through  which  it  moves. 

Aerofoil  section:  A  section  of  an  aerofoil  made  by  a  plane  parallel  to  the  plane  of  symmetry 
of  the  aerofoil. 

Aeroplane:  See  Airplane. 

Aileron:  A  movable  auxiliary  surface,  usually  part  of  the  trailing  edge  of  a  wing,  the  function 
of  which  is  to  control  the  lateral  attitude  of  an  airplane  by  rotating  it  about  its  longitudinal 
axis. 

Aircraft:  Any  form  of  craft  designed  for  the  navigation  of  the  air — airplanes,  airships,  balloons, 
helicopters,  kites,  kite  balloons,  ornithopters,  gliders,  etc. 

Airplane:  A  form  of  aircraft  heavier  than  air  which  has  wing  surfaces  for  support  in  the  air, 
with  stabilizing  surfaces,  rudders  for  steering,  and  power  plant  for  propulsion  through  the 
air.  This  term  is  commonly  used  in  a  more  restricted  sense  to  refer  to  airplanes  fitted  with 
landing  gear  suited  to  operation  from  the  land.  If  the  landing  gear  is  suited  to  operation 
from  the  water,  the  term  “seaplane”  is  used.  (See  definition.) 

Pusher. — A  type  of  airplane  with  the  propeller  in  the  rear  of  the  engine. 

Tractor. — A  type  of  airplane  with  the  propeller  in  front  of  the  engine. 

Airship:  A  form  of  balloon,  the  outer  envelope  of  which  is  of  elongated  form,  provided  with  a 
propelling  system,  car,  rudders,  and  stabilizing  surfaces. 

Nonrigid. — An  airship  whose  form  is  maintained  by  the  pressure  of  the  contained  gas 
assisted  by  the  car-suspension  system. 

Rigid. — An  airship  whose  form  is  maintained  by  a  rigid  structure  contained  within  the 
envelope. 

Semirigid. — An  airship  whose  form  is  maintained  by  means  of  a  rigid  keel  and  by  gas 
pressure. 

Air-speed  meter:  An  instrument  designed  to  measure  the  speed  of  an  aircraft  with  reference 
to  the  air. 

Altimeter:  An  aneroid  mounted  on  an  aircraft  to  indicate  continuously  its  height  above  the 
surface  of  the  earth.  Its  dial  is  marked  in  feet,  yards,  or  meters. 

Anemometer:  Any  instrument  for  measuring  the  velocity  of  the  wind. 

Angle: 

Of  attack  (or  of  incidence)  of  an  aerofoil. — The  acute  angle  between  the  direction  of  the 
relative  wind  and  the  chord  of  an  aerofoil;  i.  e.,  the  angle  between  the  chord  of  an 
aerofoil  and  its  motion  relative  to  the  air.  (This  definition  may  be  extended  to  any 
body  having  an  axis.) 

Critical. — The  angle  of  attack  at  'which  the  lift-curve  has  its  first  maximum;  sometimes 
referred  to  as  the  “burble  point.” 

Gliding. — The  angle  the  flight  path  makes  with  the  horizontal  when  descending  in  still  air 
under  the  influence  of  gravity  alone;  i.  e.,  without  power  from  the  engine. 
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Angle  of  incidence  (in  directions  for  rigging) :  In  the  process  of  rigging  an  airplane  some 
arbitrary  definite  line  in  the  airplane  is  kept  horizontal;  the  angle  of  incidence  of  a  wing, 
or  of  any  aerofoil,  is  the  angle  between  its  chord  and  this  horizontal  line,  which  usually  is 
the  line  of  the  upper  longitudinals  of  the  fuselage  or  nacelle. 

Appendix:  The  hose  at  the  bottom  of  a  balloon  used  for  inflation.  In  the  case  of  a  spherical 
balloon  it  also  serves  for  equalization  of  pressure. 

Aspect  ratio:  The  ratio  of  span  to  chord  of  an  aerofoil. 

Attitude:  The  attitude  of  an  aircraft  is  determined  by  the  inclination  of  its  axes  to  the  “frame 
of  reference”;  e.  g.,  the  earth,  or  the  relative  wind. 

Aviator:  The  operator  or  pilot  of  heavier-than-air  craft.  This  term  is  applied  regardless  of 
of  the  sex  of  the  operator. 

Axes  of  an  aircraft:  Three  fixed  lines  of  reference;  usually  centroidal  and  mutually  rec¬ 
tangular. 

The  principal  longitudinal  axis  in  the  plane  of  symmetry,  usually  parallel  to  the  axis  of 
the  propeller,  is  called  the  longitudinal  axis;  the  axis  perpendicular  to  this  in  the  plane  of 
symmetry  is  called  the  normal  axis;  and  the  third  axis,  perpendicular  to  the  other  two,  is 
called  the  lateral  axis.  In  mathematical  discussions  the  first  of  these  axes,  drawn  from  front 
to  rear,  is  called  the  X  axis;  the  second,  drawn  upward,  the  Z  axis;  and  the  third,  running 
from  right  to  left,  the  Y  axis. 

Balancing  flaps:  See  Aileron. 

Ballonet:  A  small  balloon  within  the  interior  of  a  balloon  or  airship  for  the  purpose  of  con¬ 
trolling  the  ascent  or  descent  and  for  maintaining  pressure  on  the  outer  envelope  so  as  to 
prevent  deformation.  The  ballonet  is  kept  inflated  with  air  at  the  required  pressure,  under 
the  control  of  valves  by  a  blower  or  by  the  action  of  the  wind  caught  in  an  air-scoop. 

Balloon:  A  form  of  aircraft  comprising  a  gas  bag,  rigging  and  a  basket.  The  support  in  the 
air  results  from  the  buoyancy  of  the  air  displaced  by  the  gas  bag,  the  form  of  which  is 
maintained  by  the  pressure  of  a  contained  gas  lighter  than  air. 

Bairage. — A  small  spherical  captive  balloon,  raised  as  a  protection  against  attacks  by 
airplanes. 

Captive. — A  balloon  restrained  from  free  flight  by  means  of  a  cable  attaching  it  to  the 
earth. 

Kite. — An  elongated  form  of  captive  balloon,  fitted  with  tail  appendages  to  keep  it  headed 
into  the  wind,  and  deriving  increased  lift  due  to  its  axis  being  inclined  to  the  wind. 

Pilot.  -A  small  spherical  balloon  sent  up  to  show  the  direction  of  the  wind. 

Sounding. — A  small  spherical  balloon  sent  aloft  without  passengers  but  with  registering 
meteorological  instruments. 

Balloon  bed:  A  mooring  place  on  the  ground  for  a  captive  balloon. 

Balloon  cloth:  The  cloth,  usually  cotton,  of  which  balloon  fabrics  are  made. 

Balloon  fabric:  The  finished  material,  usually  rubberized,  of  which  balloon  enve^pes  are 
made. 

Bank:  To  incline  an  airplane  laterally — i.  e.,  to  roll  it  about  the  longitudinal  axis.  Right 
bank  is  to  incline  the  airplane  with  the  right  wing  down.  Also  used  as  a  noun  to  describe 
the  position  of  an  airplane  when  its  lateral  axis  is  inclined  to  the  horizontal. 

Bank,  angle  of:  The  angle  through  which  an  aircraft  must  be  rotated  about  its  longitudinal 
axis  in  order  to  bring  its  lateral  axis  into  the  horizontal  plane. 

Barograph:  An  instrument  used  to  record  variations  in  barometric  pressure.  In  aeronautics 
the  charts  on  which  the  records  are  made  indicate  altitudes  directly  instead  of  barometric 
pressures. 

Basket:  The  car  suspended  beneath  a  balloon,  for  passengers,  ballast,  etc. 

Biplane:  A  form  of  airplane  in  which  the  main  supporting  surface  is  divided  into  two  parts, 
one  above  the  other. 

Body  of  an  airplane:  See  Fuselage  and  Nacelle. 
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Bonnet:  The  appliance,  having  the  form  of  a  parasol,  which  protects  the  valve  of  a  spherical 
balloon  against  rain. 

Bridle:  The  system  of  attachment  of  cable  to  a  balloon,  including  lines  to  the  suspension  band. 

Bull’s-eyes:  Small  rings  of  wood,  metal,  etc.,  forming  part  of  balloon  rigging,  used  for  connec¬ 
tion  or  adjustment  of  ropes. 

Burble  point  :  See  Angle,  critical. 

Cabane:  A  pyramidal  framework  upon  the  wing  of  an  airplane,  to  which  stays,  etc.,  are  secured. 

Camber:  The  convexity  or  rise  of  the  curve  of  an  aerofoil  from  its  chord,  usually  expressed  as 
the  ratio  of  the  maximum  departure  of  the  curve  from  the  chord  to  the  length  of  the  chord. 
“Top  camber”  refers  to  the  top  surface  of  an  aerofoil,  and  “bottom  camber”  to  the  bottom 
surface;  “mean  camber”  is  the  mean  of  these  two. 

Capacity:  See  Load.  The  cubic  contents  of  a  balloon. 

Ceiling:  Service. — The  height  above  sea  level  at  which  a  given  aircraft  ceases  to  rise  at  a  rate 
higher  than  a  small  specified  one,  say  100  feet  per  minute.  This  specified  rate  may  be  dif¬ 
ferent  in  the  services  of  different  countries. 

Absolute. — The  maximum  height  above  sea  level  to  which  a  given  aircraft  can  rise. 
Theoretical. — The  limiting  height  to  which  a  given  aircraft  can  rise  determined  by  com¬ 
putations  of  performance,  based  upon  the  drawings  and  wind  tunnel  data. 

Center  of  pressure  of  an  aerofoil:  The  point  in  the  plane  of  the  chords  of  an  aerofoil, 
prolonged  if  necessary,  through  which  at  any  given  attitude  the  line  of  action  of  the  resultant 
air  force  passes.  (This  definition  may  be  extended  to  any  body.) 

Chord  of  an  aerofoil  section: 

For  theoretical  purposes. — The  zero  lift  line,  i.  e.,  the  limiting  position,  in  the  section,  of  the 
line  of  action  of  the  resultant  air  force  when  the  position  of  the  section  is  such  that  the 
lift  is  zero. 

Practical. — The  line  of  a  straightedge  brought  into  contact  with  the  lower  surface  of  the 
section  at  points  near  its  edges.  In  the  case  of  an  aerofoil  having  double  convex  camber, 
the  straight  line  joining  the  entering  and  trailing  edges. 

Length. — The  length  of  the  chord  is  the  length  of  the  projection  of  the  aerofoil  section  on 
its  chord. 

Clinometer:  See  Inclinometer. 

Concentration  ring:  A  hoop  to  which  are  attached  the  ropes  suspending  the  basket  of  a 
spherical  balloon. 

Controls:  A  general  term  applying  to  the  means  provided  for  operating  the  devices  used  to 
control  speed,  direction  of  flight,  and  attitude  of  an  aircraft. 

Control  column:  The  vertical  lever  by  means  of  which  certain  of  the  principal  controls  are 
operated,  usually  those  for  pitching  and  rolling. 

Cross-wind  force:  The  component  perpendicular  to  the  lift  and  to  the  drag  of  the  total  force 
on  an  aircraft  due  to  the  air  through  which  it  moves. 

Crow’s-foot:  A  system  of  diverging  short  ropes  for  distributing  the  pull  of  a  single  rope. 

Decalage:  The  angle  between  the  chords  of  the  principal  and  the  tail  planes  of  a  monoplane. 
The  same  term  may  be  applied  to  the  corresponding  angle  between  the  direction  of  the  chord 
or  chords  of  a  biplane  and  the  direction  of  a  tail  plane.  (This  angle  is  also  sometimes  known 
as  the  longitudinal  V  of  the  two  planes.) 

Dihedral  in  an  airplane:  The  angle  included  at  the  intersection  of  the  imaginary  surfaces 
containing  the  chords  of  the  right  and  left  planes  (continued  to  the  plane  of  symmetry  if 
necessary).  This  angle  is  measured  in  a  plane  perpendicular  to  that  intersection.  The 
measure  of  the  dihedral  is  taken  as  90°  minus  one-half  of  this  angle  as  defined. 

The  dihedral  of  the  upper  planes  may  and  frequently  does  differ  from  that  of  the  lower 
planes  in  a  biplane. 

Dirigible:  See  Airship. 

Diving  rudder:  See  Elevator. 
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Dope:  A  general  term  applied  to  the  material  used  in  treating  the  cloth  surface  of  airplane 
members  and  balloons  to  increase  strength,  produce  tautness,  and  act  as  a  filler  to  maintain 
air-tightness;  it  usually  has  a  cellulose  base. 

Drag:  The  component  parallel  to  the  relative  wind  of  the  total  force  on  an  aerofoil  or  aircraft 
due  to  the  air  through  which  it  moves. 

In  the  case  of  an  airplane,  that  part  of  the  drag  due  to  the  wings  is  called  “wing  resistance”; 
that  due  to  the  rest  of  the  airplane  is  called  “parasite  resistance.” 

Drift:  See  Drag.  Also  used  as  synonymous  with  “leeway,”  q.  v. 

Drift  meter:  An  instrument  for  the  measurement  of  the  angular  deviation  of  an  aircraft 
from  a  set  course,  due  to  cross  winds. 

Drip  clotit :  A  curtain  around  the  equator  of  a  balloon,  which  prevents  rain  from  dripping 
into  the  basket. 

Droop:  A  permanent  warp  of  an  aerofoil  such  that  the  angle  of  attack  increases  toward  the 
wing  tips.  (The  opposite  of  “wash  out”.) 

Elevator:  A  movable  auxiliary  surface,  usually  attached  to  the  tail,  the  function  of  which  is 
to  control  the  longitudinal  attitude  of  an  aircraft  by  rotating  it  about  its  lateral  axis. 

Empennage:  The  tail  surfaces  of  an  aircraft.  Sometimes  the  word  is  limited  to  the  fixed 
stabilizing  portion  of  the  tail — usually  comprising  the  tail  plane  and  vertical  fin,  to  which 
are  attached  the  elevator  and  rudders. 

Entering  edge:  The  foremost  edge  of  an  aerofoil  or  propeller  blade. 

Envelope:  The  outer  covering  of  a  rigid  airship;  or,  in  the  case  of  a  balloon  or  a  nonrigid 
airship,  the  gas  bag  which  contains  the  gas. 

Equator:  The  largest  horizontal  circle  of  a  spherical  balloon. 

Fins:  Small  fixed  aerofoils  attached  to  different  parts  of  aircraft,  in  order  to  promote  stability; 
for  example,  tail  fins,  skid  fins,  etc.  Fins  are  often  adjustable.  The}^  may  be  either  hori¬ 
zontal  or  vertical. 

Flight  path:  The  path  of  the  center  of  gravity  of  an  aircraft  with  reference  to  the  earth. 

Float:  That  portion  of  the  landing  gear  of  an  aircraft  which  provides  buoyancy  when  it  is 
resting  on  the  surface  of  the  water. 

Fuselage:  The  elongated  structure  to  which  are  attached  the  landing  gear,  wings  and  tail. 
A  fuselage  is  rarely  used  with  pushers;  and  in  general  it  is  designed  to  hold  the  passengers. 

Gap  :  The  shortest  distance  between  the  planes  of  the  chords  of  the  upper  and  lower  planes  of  a 
biplane,  measured  along  a  line  perpendicular  to  the  chord  of  the  lower  plane  at  its  entering 
edge. 

Gas  bag:  See  Envelope. 

Glide  :  To  fly  without  engine  power. 

Glider:  A  form  of  aircraft  similar  to  an  airplane,  but  without  any  power  plant. 

When  utilized  in  variable  winds  it  makes  use  of  the  soaring  principles  of  flight  and  is  some¬ 
times  called  a  soaring  machine. 

Gliding  angle:  See  Angle,  gliding. 

Gore:  One  of  the  segments  of  fabric  composing  the  envelope. 

Ground  cloth:  Canvas  placed  on  the  ground  to  protect  a  balloon. 

Guide  rope:  The  long  trailing  rope  attached  to  a  spherical  balloon  or  airship,  to  serve  as  a 
brake  and  as  a  variable  ballast. 

Guy:  A  rope,  chain,  wire  or  rod  attached  to  an  object  to  guide  or  steady  it,  such  as  guys  to 
wing,  tail,  or  landing  gear. 

Hangar:  A  shed  for  housing  airships  or  airplanes. 

Helicopter:  A  form  of  aircraft  whose  support  in  the  air  is  derived  from  the  vertical  thrust  of 
propellers. 

Horn:  A  short  arm  fastened  to  a  movable  part  of  an  airplane,  serving  as  a  lever  arm,  e.  g., 
aileron  horn,  rudder  horn,  elevator  hom. 

Hull  of  an  airship:  The  main  structure  of  a  rigid  airship,  consisting  of  a  covered  elongated 
framework  which  incloses  the  gas  bags  and  which  supports  the  nacelles  and  equipment. 
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Inclinometer:  An  instrument  for  measuring  the  angle  made  by  any  axis  of  an  aircraft  with 
the  horizontal,  often  called  a  clinometer. 

Inspection  window:  A  small  transparent  window  in  the  envelope  of  a  balloon  or  in  the  wing 
of  an  airplane  to  allow  inspection  of  the  interior. 

Kite:  A  form  of  aircraft  without  other  propelling  means  than  the  towline  pull,  whose  support 
is  derived  from  the  force  of  the  wind  moving  past  its  surface. 

Landing  gear:  The  understructure  of  an  aircraft  designed  to  carry  the  load  when  resting  on 
or  running  on  the  surface  of  the  land  or  water. 

Leading  edge:  See  Entering  edge. 

Leeway:  The  angular  deviation  from  a  set  course  over  the  earth,  due  to  cross  currents  of  wind, 
also  called  drift;  hence,  “drift  meter.” 

Lift:  The  component  of  the  total  force  due  to  the  air  resolved  perpendicular  to  the  relative 
wind  and  in  the  plane  of  symmetry. 

Lift  of  an  airship: 

Dynamic. — The  component  of  the  total  force  on  an  airship  due  to  the  air  through  which  it 
moves,  resolved  perpendicular  to  the  relative  wind  and  in  the  plane  including  the  direc¬ 
tion  of  the  relative  wind  and  the  longitudinal  axis. 

Static. — The  vertical  upward  force  on  an  airship  when  at  rest  in  the  air,  due  to  buoyancy. 
Lift  bracing:  See  Stay. 

Load  : 

Dead. — The  structure,  power  plant,  and  essential  accessories  of  an  aircraft.  Included  in  this 
are  the  water  in  the  radiator,  tachometer,  thermometer,  gauges,  air-speed  indicator,  levels, 
altimeter,  compass,  watch,  and  hand  starter. 

Full. — The  total  weight  of  an  aircraft  when  loaded  to  the  maximum  authorized  loading  of 
that  particular  type. 

Useful. — The  excess  of  the  full  load  over  the  dead-weight  of  the  aircraft  itself.  Therefore 
useful  load  includes  the  crew  and  passengers,  oil  and  fuel,  electric-light  installation,  chart 
board,  gun  mounts,  bomb  storage  and  releasing  gear,  wireless  apparatus,  etc. 

Loading:  See  Wing  loading. 

Lobes:  Bags  at  the  stern  of  an  elongated  balloon  designed  to  give  it  directional  stability. 
Longeron:  See  Longitudinal. 

Longitudinal:  A  fore-and-aft  member  of  the  framing  of  an  airplane  body  or  of  the  floats, 
usually  continuous  across  a  number  of  points  of  support. 

Loop,  A:  An  aerial  maneuver  in  which  the  airplane  describes  an  approximately  circular  path 
in  the  plane  of  the  longitudinal  and  normal  axes,  the  lateral  axis  remaining  horizontal,  and 
the  upper  side  of  the  airplane  remaining  on  the  inside  of  the  circle. 

Marouflage.  The  process  of  wrapping  and  winding  wooden  parts  in  cloth. 

Monoplane:  A  form  of  airplane  which  has  but  oue  main  supporting  surface  extending  equally 
on  eacli  side  of  the  body. 

Mooring  band:  The  band  of  tape  over  the  top  of  a  balloon  to  which  are  attached  the  mooring 
ropes. 

Nacelle:  The  inclosed  shelter  for  passengers  or  for  an  engine.  Usually  in  the  case  of  a  single¬ 
engine  pusher  it  is  the  central  structure  to  which  the  wings  and  landing  gear  are  attached. 
Net:  A  rigging  made  of  ropes  and  twine  on  spherical  balloons  which  supports  the  entire  load 
carried. 

Ornithopter  :  A  form  of  aircraft  deriving  its  support  and  propelling  force  from  flapping  wings. 
Overhang:  One-half  the  difference  in  the  span  of  the  upper  and  lower  planes  of  a  biplane. 
Pancake:  To  “level  off”  an  airplane,  just  before  landing,  at  too  great  an  altitude,  thus  stall¬ 
ing  it  and  causing  it  to  descend  with  the  wings  at  a  very  large  angle  of  incidence. 

Panel:  The  unit  piece  of  fabric  of  whicli  the  envelope  is  made. 

Parachute:  An  apparatus,  made  like  an  umbrella,  used  to  retard  the  descent  of  a  falling  body. 
Patch  system:  A  system  of  construction  in  which  patches  (or  adhesive  flaps)  are  used  in 
place  of  the  suspension  band. 
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Permeability:  The  measure  of  the  loss  of  gas  by  diffusion  through  the  intact  balloon  fabric. 

Pitch  of  a  propeller: 

(а)  Pitch,  effective. — -The  distance  an  aircraft  advances  along  its  flight  path  for  one  revo¬ 
lution  of  the  propeller. 

(б)  Pitch,  geometrical. — The  distance  an  element  of  a  propeller  would  advance  in  one  revo¬ 
lution  if  it  were  turning  in  a  solid  nut — i.  e.,  if  it  were  moving  along  a  helix  of  slope  equal 
to  the  angle  between  the  chord  of  the  element  and  a  plane  perpendicular  to  the  pro¬ 
peller  axis.  The  mean  geometrical  pitch  of  a  propeller,  which  is  a  quantity  commonly 
used  in  specifications,  is  the  mean  of  the  geometrical  pitches  of  the  several  elements. 

(c)  Pitch,  virtual. — The  distance  a  propeller  would  have  to  advance  in  one  revolution  in 
order  that  there  might  be  no  thrust. 

(d)  Pitch  speed. — The  product  of  the  mean  geometrical  pitch  by  the  number  of  revolutions 
of  the  propeller  in  unit  time — i.  e.,  the  speed  the  aircraft  would  make  if  there  were  no 
slip. 

(e)  Slip. — The  difference  between  the  effective  pitch  and  the  mean  geometrical  pitch. 
Slip  is  usually  expressed  as  a  percentage  of  the  mean  geometrical  pitch. 

Pitch,  angle  of:  The  angle  between  two  planes,  defined  as  follows:  One  plane  includes  the 
lateral  axis  of  the  aircraft  and  the  direction  of  the  relative  wind;  the  other  plane  includes 
the  lateral  axis  and  the  longitudinal  axis.  (In  horizontal  normal  flight  this  angle  of  pitch 
is,  then,  the  angle  between  the  longitudinal  axis  and  the  direction  of  the  relative  wind.) 

Pitot  tube:  A  tube  with  an  end  open  square  to  the  fluid  stream,  used  as  a  detector  of  an  impact 
pressure.  It  is  usually  associated  with  a  coaxial  tube  surrounding  it,  having  perforations 
normal  to  the  axis  for  indicating  static  pressure;  or  there  is  such  a  tube  placed  near  it  and 
parallel  to  it,  with  a  closed  conical  end  and  having  perforations  in  its  side.  The  velocity  of 
the  fluid  can  be  determined  from  the  difference  between  the  impact  pressure  and  the  static 
pressure,  as  read  by  a  suitable  gauge.  This  instrument  is  often  used  to  determine  the 
velocity  of  an  aircraft  through  the  air. 

Plane:  One  of  the  main  supporting  surfaces  of  an  airplane  or  of  a  wing.  (Thus  the  upper 
or  lower  plane  of  an  airplane  or  the  upper  right  plane  or  lower  right  plane  of  the  right  wing.) 

Pontoons:  See  Float. 

Pressure  nozzle:  The  apparatus  which,  in  combination  with  a  gauge,  is  used  to  measure 
speed  through  the  air. 

Pusher:  See  Airplane. 

Pylon:  A  mast  or  pillar  serving  as  a  marker  of  a  course. 

Race  of  a  propeller:  See  Slip  stream. 

Rate  of  climb:  The  vertical  component  of  the  flight  speed  of  an  aircraft — i.  e.,  its  vertical 
velocity  with  reference  to  the  air. 

Relative  wind:  The  motion  of  the  air  with  reference  to  a  moving  body.  Its  direction  and 
velocity,  therefore,  are  found  by  adding  two  vectors,  one  being  the  velocity  of  the  air  with 
reference  to  the  earth,  the  other  being  equal  and  opposite  to  the  velocity  of  the  body  with 
reference  to  the  earth. 

Right-hand  engine:  An  engine  designed  to  drive  a  right-hand  tractor  screw. 

Righting  moment:  A  moment  which  tends  to  restore  an  aircraft  to  its  previous  attitude  after 
any  rotational  disturbance. 

Rip  cord:  The  rope  running  from  the  rip  panel  of  a  balloon  to  the  basket,  the  pulling  of  which 
causes  immediate  deflation. 

Rip  panel:  A  strip  in  the  upper  part  of  a  balloon  which  is  torn  off  when  immediate  deflation 
is  desired. 

Roll,  A:  An  aerial  maneuver  in  which  a  complete  revolution  about  the  longitudinal  axis  is 
made,  the  direction  of  flight  being  maintained. 

Rudder:  A  hinged  or  pivoted  surface,  usually  more  or  less  flat  or  stream  lined,  used  for  the 
purpose  of  controlling  the  attitude  of  an  aircraft  about  its  normal  axis — i.  e.,  for  controlling 
its  lateral  movement. 

Balanced. — A  rudder  having  part  of  its  surface  in  front  of  its  pivot. 


76 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


Rudder  bar:  The  foot  bar  by  means  of  which  the  rudder  is  operated. 

Seaplane  :  A  particular  form  of  airplane  in  which  the  landing  gear  is  suited  to  operation  from 
the  water. 

(а)  Boat  seaplane  (or  flying  boat). — A  form  of  seaplane  having  for  its  central  portion  a  boat 
which  provides  flotation.  It  is  often  provided  with  auxiliary  floats  or  pontoons. 

(б)  Float  seaplane. — A  form  of  seaplane  in  which  the  landing  gear  consists  of  one  or  more 
floats  or  pontoons. 

Serpent:  A  short,  heavy  guide  rope. 

Side  slipping:  Sliding  downward  and  inward  when  making  a  turn;  due  to  excessive  banking. 
It  is  the  opposite  of  skidding. 

Skidding:  Sliding  sidewise  away  from  the  center  of  the  turn  in  flight.  It  is  usually  caused  by 
insufficient  banking  in  a  turn  and  is  the  opposite  of  side  slipping. 

Skids:  Long  wooden  or  metal  runners  designed  to  prevent  nosing  of  a  land  machine  when 
landing  or  to  prevent  dropping  into  holes  or  ditches  in  rough  ground.  Generally  designed 
to  function  should  the  landing  gear  collapse  or  fail  to  act. 

Slip  stream  (or  propeller  race) :  The  stream  of  air  driven  aft  by  the  propeller  and  with  a  veloc¬ 
ity  relative  to  the  airplane  greater  than  that  of  the  surrounding  body  of  still  air. 

Soaring  machine:  See  Glider. 

Span  (or  spread) :  The  maximum  distance  laterally  from  tip  to  tip  of  an  airplane  or  the  lateral 
dimension  of  an  aerofoil. 

Speed:  Air. — The  speed  of  an  aircraft  relative  to  the  air. 

Ground. — The  horizontal  component  of  the  velocity  of  an  aircraft  relative  to  the  earth. 

Spin:  An  aerial  maneuver  consisting  of  a  combination  of  roll  and  yaw,  with  the  longitudinal 
axis  of  the  airplane  inclined  steeply  downward.  The  machine  descends  in  a  helix  of  large 
pitch  and  very  small  radius,  the  upper  side  of  the  machine  being  on  the  inside  of  the  helix, 
and  the  angle  of  attack  being  maintained  at  a  large  value. 

Stability:  A  body  in  any  attitude  has  stability  about  an  axis  if,  after  a  slight  displacement 
about  that  axis,  it  tends  to  regain  its  initial  attitude. 

Directional—  Stability  with  reference  to  the  normal  axis. 

Dynamical. — The  quality  of  an  aircraft  in  flight  which  causes  it  to  return  to  a  condition 
of  equilibrium  after  its  attitude  has  been  changed  by  meeting  some  disturbance — e.  g., 
a  gust.  This  return  to  equilibrium  is  due  to  two  factors:  First,  the  inherent  righting 
moments  of  the  structure;  second,  the  damping  of  the  oscillations  by  the  tail,  etc. 

Inherent. — Stability  of  an  aircraft  due  to  the  disposition  and  arrangement  of  its  fixed  parts, 

i.  e.,  that  property  which  causes  it  to  return  to  its  normal  attitude  of  flight  without  the  use  of 

the  controls. 

Lateral. — Stability  with  reference  to  displacements  involving  rolling  or  yawing,  i.  e.,  dis¬ 
placements  in  which  the  plane  of  symmetry  of  the  airplane  is  rotated. 

Longitudinal. — Stability  with  reference  to  displacements  involving  pitching,  i.  e.,  displace' 
ments  in  which  the  plane  of  symmetry  of  the  airplane  is  not  rotated. 

Statical. — In  wind-tunnel  experiments  it  is  foimd  that  there  is  a  definite  angle  of  attack, 
such  that,  for  a  greater  angle  or  a  less  one,  the  righting  moments  are  in  such  a  sense  as 
to  tend  to  make  the  attitude  return  to  this  angle.  This  holds  true  for  a  certain  range  of 
angles  on  each  side  of  this  definite  angle;  and  the  machine  is  said  to  possess  “statical 
stability”  through  this  range. 

A  machine  possesses  statical  stability  if,  when  its  attitude  is  disturbed,  moments 
tending  to  restore  it  to  this  attitude  are  set  up  by  the  action  of  the  air  on  the  machine; 
e.  g.,  if  an  aircraft,  after  an  initial  disturbance,  oscillates  with  swings  of  constantly 
increasing  amplitude,  it  is  statically  stable  but  not  dynamically  stable. 

Stabilizer:  A  fixed  horizontal,  or  nearly  horizontal,  tail  surface,  used  to  steady  the  longitudinal 
motion  and  to  damp  oscillations  in  pitch. 

Mechanical. —A  mechanical  device  to  steady  the  motion  of  an  aircraft. 
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Stagger:  The  amount  of  advance  of  the  entering  edge  of  the  upper  plane  of  a  biplane  over  that 
of  the  lower,  expressed  as  percentage  of  gap ;  it  is  considered  positive  when  the  upper  surface 
is  forward  and  is  measured  from  the  entering  edge  of  the  upper  plane  along  its  chord  to  the 
point  of  intersection  of  this  chord  with  a  line  drawn  perpendicular  to  the  chord  of  the  lower 
plane  at  its  entering  edge,  all  lines  being  drawn  in  a  plane  parallel  to  the  plane  of  symmetry. 

(. In  directions  for  rigging). — The  horizontal  distance  between  the  entering  edge  of  the  upper 
plane  and  that  of  the  lower  when  the  airplane  is  in  the  standard  position;  i.  e.,  when  the 
arbitrary  line  of  reference  in  the  airplane  is  horizontal.  (This  line  is  usually  the  axis  of 
the  propeller  shaft.) 

Stalling:  A  term  describing  the  condition  of  an  airplane  which  from  any  cause  has  lost  the 
relative  speed  necessary  for  control. 

Statoscope:  An  instrument  to  detect  the  existence  of  a  small  rate  of  ascent  or  descent,  princi¬ 
pally  used  in  ballooning. 

Stay:  A  wire,  rope,  or  the  like,  used  as  a  tic  piece  to  hold  parts  together,  or  to  contribute 
stiffness.  For  example,  the  stays  of  the  wing  and  body  trussing. 

Step:  A  break  in  the  form  of  the  bottom  of  a  float. 

Stream-line  flow  :  The  condition  of  continuous  flow  of  a  fluid,  as  distinguished  from  eddying 
flow. 

Stream-line  shape:  A  shape  intended  to  avoid  eddying  and  to  preserve  stream-line  flow. 

Strut:  A  compression  member  of  a  truss  frame.  For  instance,  the  vertical  members  of  the 
wing  truss  of  a  biplane. 

Suspension  band:  The  band  around  a  balloon  to  which  are  attached  the  basket  and  the  main 
bridle  suspensions. 

Suspension  bar:  The  bar  used  for  the  concentration  of  basket  suspension  ropes  in  captive 
balloons. 

Sweep  back:  The  horizontal  angle  between  the  lateral  axis  of  an  airplane  and  the  entering  edge 
of  the  mam  planes. 

Tail:  The  rear  portion  of  an  aircraft,  to  which  are  usually  attached  rudders,  elevators,  stabi¬ 
lizers,  and  fins. 

Tail  cups:  The  steadying  device  attached  at  the  rear  of  certain  types  of  elongated  captive 
balloons. 

Tandem  :  An  airplane  whose  sets  of  planes  are  placed  one  in  front  of  the  other. 

Tractor:  See  Airplane. 

Trailing  edge:  The  rearmost  edge  of  an  aerofoil  or  propeller  blade. 

Triplane:  A  form  of  airplane  whose  main  supporting  surface  is  divided  into  three  parts, 
superimposed. 

Truss:  The  framing  by  which  the  wing  loads  are  transmitted  to  the  body;  comprises  struts, 
stays,  and  spars. 

Undercarriage:  See  Landing  gear. 

Venturi  tube:  A  short  tube,  flaring  at  the  front  end,  and  constricted  approximately  midway 
of  its  length,  so  that,  when  fluid  flows  through  it,  there  will  be  a  suction  produced  in  a  side- 
tube  opening  into  the  constricted  throat.  This  tube,  when  combined  with  a  Pitot  tube  or 
with  one  giving  static  pressure,  forms  a  pressure  nozzle,  which  may  be  used  as  an  instrument 
to  determine  the  speed  of  an  aircraft  through  the  air. 

Warp:  To  change  the  form  of  the  wing  by  twisting  it. 

Wash  in:  See  Droop. 

Washout:  A  permanent  warp  of  an  aerofoil  such  that  the  angle  of  attack  decreases  toward  the 
wing  tips. 

Weight,  gross:  See  Load,  full. 

Wing:  The  aggregate  sustaining  structure  on  the  right  or  left  side  of  an  airplane,  comprising 
both  planes  and  trussing.  (Thus,  “detachable  wings”  and  “folding  wings.”) 

Wing  flap:  See  Aileron. 
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Wing  loading:  The  weight  carried  per  unit  area  of  supporting  surface. 

Wing  mast:  The  mast  structure  projecting  above  the  wing,  to  which  the  top  load  wires  are 
attached. 

Wing  rib:  A  fore-and-aft  member  of  the  wing  structure  used  to  support  the  covering  and  to 
give  the  wing  section  its  form. 

Wing  spar  or  wing  beam:  A  transverse  member  of  the  wing  structure. 

Yaw:  Yawing. — Angular  motion  about  the  normal  axis. 

Angle  of. — The  angle  between  the  direction  of  tho  relative  wind  and  the  plane  of  symmetry 
of  an  aircraft. 

Zero  lift  line:  The  limiting  position  in  an  aerofoil  section  of  the  line  of  action  of  the  resultant 
air  force  when  the  position  of  the  section  is  such  that  the  lift  is  zero. 


REPORT  No.  26 


THE  VARIATION  OF  YAWING  MOMENT  DUE  TO  ROLLING 

By  Edwin  Bidwell  Wilson 


Contribution,  1919,  No.  1,  from  the  Rogers  Laboratory  of  Physics  Massachusetts  Institute  of  Technology. 


PREVIOUS  WORK 

The  aerodynamical  constants  of  an  airplane  necessary  for  the  discussion  of  stability  are 
partly  observed  and  partly  calculated.  Among  the  calculated  coefficients  is  NV)  which  is  the 
variation  of  yawing  moment  due  to  rolling.  In  the  Technical  Report  of  the  Advisory  Com¬ 
mittee  for  Aeronautics  (London),  1912-13,  Reports  and  Memoranda  No.  77,  being  an  Investiga¬ 
tion  into  the  Stability  of  an  Aeroplane,  etc.,  by  L.  Bairstow  and  others,  on  page  157  it  is  stated 
that  '‘for  the  wings  it  will  be  seen  that  whilst  Lp  is  proportional  to  the  slope  of  the  lift  curve, 
Np  is  proportional  to  the  slope  of  the  drag  curve.  Hence  Nv  will  be  one-tenth  of  Lv  at  angles 
slightly  above  that  giving  maximum  lift/drag,  and  may  become  zero,  or  even  slightly  negative, 
in  a  machine  flying  at  about  the  angle  of  minimum  drag.  The  effect  of  the  rudder  and  body  will 
be  appreciable  in  most  machines.  Np  will  be  variable  between  the  limits  0  and  40.” 

In  a  contribution  on  “Dynamical  stability  of  aeroplanes,”  by  Jerome  C.  Hunsaker, 
Smithsonian  Miscellaneous  Collections  (Washington),  vol.  62,  No.  5,  June,  1916,  pages  55-57, 
the  calculation  of  Np  is  carried  out  in  detail  along  the  lines  laid  down  in  the  above  quotation 
and  values  for  the  machine  under  discussion  (a  design  by  Capt.  V.  E.  Clark,  United  States 
Army)  run  from  0  to  57. 

An  essential  argument  in  these  derivations  of  a  value  for  Np  is  that  the  roll  produces  an 
increased  line  of  attack  on  an  elementary  area  of  the  right  wing  and  a  diminished  angle  of 
attack  on  the  corresponding  element  of  the  left  wing;  and  that,  consequently,  the  variation  of 
the  yawing  moment  should  be  calculated  from  the  slope  of  the  drag  curve.  Now,  as  a  matter  of 
fact,  this  would  be  certainly  correct  in  case  the  wing  were  a  flat  plane  to  which  the  resultant 
pressure  remained  always  normal,  independently  of  the  angle  of  attack;  but  it  is  by  no  means 
certain  that  the  argument  is  valid  in  the  case  of  cambered  wings,  where  a  change  in  the  angle 
of  attack  produces  a  change  in  the  direction  of  the  resultant  force  as  well  as  a  change  in  its 
magnitude.  It  would  seem  to  be  more  likely  to  be  correct  to  take  account  of  the  change  in 
direction  of  the  resultant  force,  as  is  the  case  in  the  calculation  of  Xw,  the  variation  in  the  X 
force  due  to  vertical  velocity.  In  the  case  of  the  flat  plane  Xw  is  a  negative  quantity, 
owing  to  the  diminution  of  the  resultant  pressure  (its  direction  remaining  invariant)  when  the 
angle  of  attack  is  diminished ;  but  the  change  in  direction  of  the  resultant  force  on  the  cambered 
wing  is  so  much  more  important  than  the  diminution  in  its  magnitude  (owing  to  the  large  value 
of  the  lift  relative  to  the  drag)  that  the  value  of  Xw  for  the  airplane  becomes  actually  positive 
instead  of  negative. 

A  NEW  CALCULATION 

It  would  seem  that  in  calculating  A7P  the  change  in  the  X  force  (not  in  drag  alone)  should 
be  used.  It  would  be  possible  to  make  the  calculation  on  this  basis  in  the  following  manner: 

Let  dy  be  an  element  of  length  along  the  wing,  and  S  its  span.  If  m  is  the  mass  of  the 
airplane  in  slugs,  mXww  is  the  variation  in  the  actual  X  force,  due  to  w;  and  for  the  element  dy 
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the  proportional  part  would  be  mXwwdy/S.  The  moment  of  this  change  is  the  change  itself 
multiplied  by  its  arm  y,  viz.,  mXwivydy/S;  and  the  total  value  of  the  variation  in  the  moment 

U+S/2 

rn  Npp  =  I  mXwwydyjS. 

J-S/2 

The  value  of  w  is  negative,  and  equal  to  —  yp.  On  substituting  this  value,  we  have 


n+s/2 

Np=  -Xwy*dy/S=~XwS*/ 12. 

J-SI2 

When  the  values  for  the  Clark  design  are  substituted,  in  which  S  =  40,  the  following  results 
are  found: 

U  =-112.5  -78.2  -65.3  -54 

i  =  0°  3°  6°  12° 

Xw=  +  .356  +  .249  +  .245  0 

Np  =  -  47.5  -33.2  -32.7  0 

whereas,  according  to  Hunsaker,  the  values  of  Np  are 

Np  =  0  +33.5  +57.0 

It  will  be  observed  that  Np  by  this  calculation  is  negative,  instead  of  positive,  and  that  the 
numerical  values  are  large  for  small  angles  of  attack,  small  for  large  angles.  Not  only  the  sign 
of  Np  is  changed,  but  the  general  trend  of  numerical  values  is  reversed. 


EFFECT  ON  STABILITY 


Fortunately  the  value  of  Np  is  not  of  very  serious  moment  in  the  discussion  of  stability. 
The  expression  in  which  it  is  most  important  is  the  approximate  form  of  the  damping  in  the 
type  of  motion  which  Hunsaker  (loc.  cit.,  p.  71)  calls  the  Dutch  roll,  and  which  corresponds  to 
the  quadratic  factor  of  the  biquadratic  that  governs  the  lateral  motion,  namely: 


The  value  of  Lp  is  negative.  That  of  Nv  is  also  negative,  and  those  of  Lv  and  Lr  are  positive. 
If,  therefore,  Np  be  positive,  as  found  by  Bairstow  and  Hunsaker,  the  expression  in  the  paren¬ 
thesis  is  the  difference  of  two  quantities;  and  in  order  to  insure  stability,  it  is  necessary  that  this 
difference  be  positive — that  is,  we  must  have  NJ  Lv  greater  numerically  than  Np/  Lp.  Now,  Nv 
and  Lv  occur  in  the  expression  which  determines  spiral  stability  or  instability,  and  the  ratio  — 
NJ  Lv  is  desired  small  for  spiral  stability,  whereas  it  is  desired  large  for  stability  in  the  Dutch 
roll.  Thus,  there  arises  the  necessity  for  a  very  fine  compromise  in  the  relative  magnitudes  of 
Nv,  Lv,  NP,  Lp,  in  order  that  the  machine  may  be  stable  both  spirally  and  in  the  Dutch  roll. 

If,  however,  the  value  of  Np  be  negative,  as  is  indicated  by  my  calculation  above,  both 
terms  in  the  parenthesis  ( Np/Lp  —  NJLV)  are  positive  for  most  attitudes  of  flight  which  have 
been  examined,  and  the  machine  is  stable  in  the  Dutch  roll  without  the  necessity  for  any  fine 
adjustment  as  compared  with  the  spiral  case.  This  should  be  a  matter  of  some  relief  to  the 
conscientious  designer  critical  of  the  dynamic  stability  of  his  design. 


CHECK  ON  THE  CALCULATION 

In  so  far  as  my  argument  for  the  calculation  of  Np  is  just,  a  similar  argument  could  be  given 
for  obtaining  a  calculated  value  of  Lp  in  terms  of  Zw,  with  the  result: 

LP  =  ZWS2/ 12. 
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The  values  of  Lp  as  calculated  by  this  formula  would  be: 


u  = 

- 1 12.5 

-  78.2 

-  65.3 

-  54.0 

i  = 

0° 

3° 

6° 

12° 

Zw  = 

-  5.62 

-  3.77 

-  2.92 

-  1.0 

Lp  — 

-749 

-493 

-389 

-133 

whereas  the  values  given  by  Hunsaker  are 

Lp=  —631  -319  -224 

The  values  of  Lp  are  obtained  rather  easily  by  measuring  the  damping  of  the  model  when 
oscillating  about  the  X  axis,  and,  consequently,  the  measured  values  should  be  fairly  trust¬ 
worthy.  The  only  two  cases  in  the  table  in  which  a  comparison  can  fairly  be  made  are  those 
in  the  first  and  last  columns  corresponding  to  highest  and  lowest  speeds;  for  the  integer  in  the 
third  column  is  not  an  experimental  value,  but  one  obtained  by  interpolation.  At  the  highest 
speed  the  calculated  value  of  Lp  is  nearly  20  per  cent  too  high;  whereas  at  the  lowest  speed  it  is 
distinctly  too  low. 

It  would  not  be  surprising  if  a  calculated  value  based  on  Zw  should  be  too  high,  for  the 
experimental  method  of  determining  Zw  is  to  compare  the  Z  forces  for  the  model  when  set  at 
different  angles  of  pitch  relative  to  the  fixed  direction  of  the  air  current.  Now,  it  is  a  common 
observation  in  our  wind  tunnel  at  the  Massachusetts  Institute  of  Technology  that  when  the 
orientation  of  the  model  relative  to  the  wind  is  quickly  changed,  a  very  considerable  time  elapses 
before  the  forces  reach  their  steady  value.  It  appears  as  though  it  took  a  reasonable  amount  of 
time  for  the  stream  lines  in  the  fluid  to  change  from  one  steady  direction  to  another. 

If  this  be  so,  it  would  be  impossible  for  the  stream  lines  to  accommodate  themselves  to 
the  oscillatory  motion  in  the  experimental  determination  of  Lp  as  fully  as  they  accommodate 
themselves  to  the  changed  orientation  in  the  experimental  determination  of  Zw.  The  result 
would  be  that  the  effective  value  of  Zw,  which  should  be  used  in  the  calculation  of  Lp,  might 
be  a  considerable  amount  below  the  measured  value  of  Zw.  No  such  explanation  could  be 
given  for  the  discrepancy  between  the  values  as  calculated  and  observed  of  Lp  at  the  lowest 
speed,  for  the  direction  of  the  change  is  reversed.  There  is,  however,  the  possibility  that  the 
value  of  Zw  as  calculated  from  the  experiments  should  be  considerably  in  error,  because  this 
value  must  be  obtained  either  by  an  interpolation  in  a  table  of  values,  or  by  estimating  the 
slope  of  an  experimentally  determined  curve,  and  either  of  these  processes  is  one  in  which  it  is 
difficult  to  obtain  accuracy,  because  the  experimental  errors  or  an  error  of  judgment  in  fairing 
a  curve  are  extremely  effective  in  vitiating  the  value  obtained  for  the  rate  of  change  of  the 
ordinate  in  the  vicinity  of  any  particular  point  on  the  curve. 

A  comparison  may  be  made  for  the  Curtiss  J.  N.  2.,  from  Hunsaker’s  data  (loc.  cit.,  p.  78) 


and  these  reports,  First  Annual  Report,  1915, 

pp.  47-49: 

U  i  Zw  Lp{  obs.) 

Lp(c  ale.)  Xw 

JVp( new) 

IVp(old) 

-115.5  1°  -3.95  -314 

-427  .  162 

-17.  2 

0 

-  63.8  15°.  5  -  .673  -  78 

-  73  - .  292 

+  31.  5 

+  37.  7 

Here  the  calculated  Lp  at  low  speed  checks  very  well  with  that  observed,  but  is  again  consid¬ 
erably  too  high  at  high  speeds.  The  reversal  of  sign  of  Xw  for  this  machine  has  brought  the 
two  values  of  NP  for  low  speed  near  together. 

EXPERIMENTAL  CHECK 

In  the  British  report  (1912-13),  Reports  and  Memoranda  No.  78,  being  the  Experimental 
Determination  of  Rotary  Coefficients,  by  L.  Bairstow,  etc.,  on  pages  177-179  there  is  outlined 
an  experimental  method  of  measuring  the  value  of  Lr,  the  variation  of  the  rolling  moment  due 
to  yawing  by  a  somewhat  intricate  experimental  procedure,  based  on  the  theory  of  forced 
oscillations.  In  a  similar  manner,  the  variation  of  yawing  moment  due  to  rolling,  Np ,  could 
167080— S.  Doc.  307,  65-3 - 6 
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be  determined.  It  seems,  however,  that  the  measurement  of  the  amplitude  of  the  forced  oscil¬ 
lation  would  determine  only  the  numerical  magnitude,  and  not  the  sign  of  Lr  or  Np  as  the  case 
might  be;  and  that  for  the  experimental  determination  of  the  sign  it  will  be  necessary  to 
observe  the  phase  difference  between  the  forced  oscillation  and  the  periodic  applied  force. 
This  should  not  be  a  difficult  thing  to  observe,  but  it  is  quite  possible  that  if  one  knew,  or 
thought  he  knew,  in  advance  what  the  sign  of  the  result  should  be,  he  might  overlook  the 
matter  of  checking  the  sign  by  an  observation  on  the  phase  difference  of  the  two  motions. 

It  is  probable  that  before  any  great  dependence  can  be  put  upon  the  calculated  value  of 
Np  or  similar  aerodynamic  coefficients,  an  extended  comparison  of  calculated  values  with 
experimentally  determined  ones  will  be  necessary;  and  I  have  not  offered  the  above  discus¬ 
sion  so  much  for  the  purpose  of  attempting  a  definitive  determination  of  the  value  of  Np  as  for 
the  purpose  of  finding  out  the  possibility  of  making  a  calculation  which  would  seem  to  be  just 
as  reasonable  if  not  more  reasonable  than  those  before  given;  and  which  does,  as  a  matter  of 
fact,  lead  to  a  value  of  Np  of  negative  sign  instead  of  one  with  a  positive  sign.  The  important 
thing  for  the  discussion  of  stability  is  not  so  much  the  numerical  value  of  Np,  unless  Nv  be 
positive,  as  the  assurance  that  Np  is  negative,  if,  indeed,  it  be  negative. — (Extract from  lectures 
given  at  the  Massachusetts  Institute  of  Technology  to  a  special  course  in  aeronautical  engineering 
for  Army  and  Navy  officers,  May  to  September,  1918.) 


Note. — In  a  book  on  Aeronautics,  by  Cowley  and  Levy,  which  lias  just  come  to  hand,  there  is  found  on  page  2<>i 
a  table  in  which  the  value  of  NP  (in  a  notation  different  from  that  of  Bairstow  and  Hunsaker)  is  negative;  but  the 
details  of  the  calculation  which  lead  to  the  value  are  not  given,  so  that  it  can  not  be  determined  whether  or  not  the 
negative  value  is  intended  or  is  a  typographical  error. 
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THEORY  OF  AN  AIRPLANE  ENCOUNTERING  GUSTS,  III. 

By  Edwin  Bidwell  Wilson. 


The  following  is  an  immediate  continuation  of  my  two  previous  papers  on  the  same  sub¬ 
ject  which  appeared  in  these  Reports,  First  Year,  pages  52-75,  and  Third  Year,  pages  405^31, 
the  latter  being  a  reprint  of  my  contribution  to  the  Proceedings  American  Philosophical  Society 
(Philadelphia),  volume  56,  pages  212-248.  In  my  second  paper  I  pointed  out:  (1)  That  the 
study  of  a  gust  of  the  type  sin  jpt,  tuned  both  in  damping  and  in  period  to  the  natural 
motion  of  the  machine,  might  be  important;  (2)  that  the  solution  for  this  case  by  Brodetsky 
treated  only  the  particular  integral  without  taking  account  of  the  fact  that  the  constants  of 
integration  in  the  complementary  function  might  be  such  as  largely  to  upset  any  conclusion 
that  such  a  gust  produces  violent  motions;  (3)  that  a  new  method  for  solving  linear  equations 
had  been  developed  by  Bromwich,  which  was  suited  to  determine  the  motion  for  any  particular 
gust,  when  the  machine  started  from  equilibrium,  without  the  trouble  of  determining  the 
constants  of  integration  in  the  complementary  function. 

I  shall  now  apply  Bromwich’s  method  to  the  calculation  of  the  effect  of  a  head-on  gust  of 
the  form  ul  =  Je~nt  sin  pt  where  n  =  .0654,  p  =  .187,  as  in  the  case  of  the  slow  oscillation  for 
the  Curtiss  JN2.  Inasmuch  as  the  method  depends  on  the  use  of  the  theory  of  functions  of  a 
complex  variable,  which  is  a  mathematical  subject  of  prime  importance  to  any  aeronautical 
engineer  who  would  have  that  knowledge  of  fluid  motion  which  is  regarded  in  high  quarters  as 
essential,  and  further  inasmuch  as  neither  the  theory  of  functions  nor  Bromwich’s  special 
method  is  likely  to  become  as  familiar  as  they  should  be  to  engineers  or  physicists  without 
detailed  directions  for  and  examples  of  the  application  of  such  ways  of  calculating,  I  may  be 
pardoned  for  the  somewhat  lengthy  presentation  of  matters  elementary  for  the  pure  mathe¬ 
matician. 

Suppose  it  be  required  to  solve  the  equation 

^f+  2 +  (u2-f -n2)x  =  Fe~vt  cos  (nf  +  co)  (1) 

with  the  supposition  that  the  damped  harmonic  force  on  the  right  is  applied  at  and  from  the 
time  t  =  0,  and  that  at  t  =  0  the  system  is  at  rest  in  its  position  of  equilibrium,  i.  e.,  x  =  0  and 

dxldt  =  0. 

Now  trigonometric  terms  are  generally  treated  by  their  exponential  equivalents,  through 
the  formulas 

eiy  +  e~iy  .  eiy  -  eriy 
cos  y  = - g — sm  V  = — 2 1 — ’ 

eiy  =  cos  y  +  i  sin  y,  where  i  =  V  —  1. 

The  solution  of  (1)  may  be  obtained  by  solving  the  equation  obtained  by  replacing 
cos  (nt  +  u)  by  its  value  as  the  sum  of  two  exponential  expressions.  A  method  generally  better 
is  to  replace  the  equation  by 

^ + 2vjt+  (,v2+ri‘)x  =  Fe-‘e‘  <«+"> 

and  take  the  real  part  of  the  solution  since  the  real  part  of  eiy  is  cos  y. 


(2) 
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Bromwich  states  that  the  solution  of  (2)  subject  to  the  stated  conditions  is 

x=hj}eUdt’ 


where 


£  = 


Fe 


to) 


(X2  +  2v\  +  v2  -f  n2)  (X  -f  v  —  in) 

_  Feiu 

~  (X  +  u  —  in)2(\  +  v  +  in)’ 

and  where  the  integral  must  be  taken  around  a  curve  in  the  complex  X-plane  sufficiently  large 
to  include  all  the  points,  X=—  v  —  in  and  X=—  v  +  in  (double),  where  £  becomes  infinite.  He 
further  points  out  that  the  value  obtained  for  x  is  none  other  than  the  sum  of  the  residues  oi  £eX( 
by  virtue  of  Cauchy’s  theorem. 

Now  a  residue  may  be  given  a  simple  definition.  Suppose 

(x  —a)n’ 

where  4>ix)  does  not  vanish  when  x=a,  i.  e.,  no  factor  x  —  a  may  be  canceled  out,  the  fraction  is 
in  its  lowest  terms.  The  function  4>(x)  may  be  expanded  by  Taylor’s  theorem  about  x=a  as: 


<t>(x)  =4>(a)  +(f)'(a)(x  —  a)  +  $4>"  (a)  (x  ~  a)2  + 


and 


f(x)  = 


+ 


A 


ix  —  a)n  ( n  —  a ) 


_j_  /  1  +  An  +  An+Xix  —  n)  + 

Cl 


where  =  0(<)(a)/i!  with  </>w(a)  denoting  the  ith  derivative  of  <j>{x)  taken  for  the  value  a ‘  ==  or . 

The  coefficient  An-X  which  occurs  over  the  factor  x  —  a  is  called  the  “residue  oi  fix)  at  x=a. 

In  case  n  —  1,  that  is,  if  fix)  =  res^lie  °f/  a  0(a)* 

In  case  n  =  2,  that  is,  if  fix)  =  the  residue  of  f  at  a  is  4>'ia). 

As  applied  to  the  case  in  hand  where 

Ji^pio?  p\t 

fi\)  =  £ex<  -  (X  +  a — m)2(X  +  v +  m)  ’ 

the  function  for  the  consideration  of  the  value  X  =  —  v  —  in  may  be  written 

Feio>ext(\  —  v  —  in)~ 2 


/(X)  = 


X  +  u  -f  in 


and  the  residue  of  /  at  X  =  —  u  —  in  is  obtained  by  substituting  X=  —  v  —  in  in  the  numerator; 
hence  residue  of/  at  —v—in  —  Feiue(~v~in)ti  —  2in)~2 ;  and  for  the  consideration  of  the  value 
X  ==  —  v  -f  in, 

.  Feiuext (X  +  v  +  in)~l 

m  = - (X  -fu  —in)2  ’ 

and  the  residue  of/  at  X  =  —  v  +  in  is  the  value  for  this  value  of  X  of  the  derivative: 


which  value  is 


d  Feiuexl  _  Feiu[ (X  -f  r  -f  in)teu  —  ex*] 
d\  \  +  v+in  i\  +  v+in)2 

residue  of /(X)  at  —  v  +  in  =  Feiwe(~u+in)t  i2int  —  1 )  i2in)~2. 
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Hence  the  solution  for  x  in  (2)  is  the  sum  of  the  residues,  or 


—  F 
x  =  -A — e; 
4  n 


-v 


ira  +  eint(2int 


->]• 


And  the  solution  for  x  in  (1)  is  the  real  part  of  the  above  obt'dnea  by  substituting  for  eio>,  e  in, 
eilU '  their  expressions  in  terms  of  trigonometric  functions.  This  gives: 


x 


Fe~vt  r  .  .  “| 

=  2~M  sin  (nt  +  u)—  sin  a>  sin  nt  , 


the  result  stated  by  Bromwich,  without  giving  the  steps  in  detail. 
If  it  had  been  required  to  solve  the  equation: 

^ ^ +2u^  +  (u2  +  n2)  x=  Fe~vt sin  (nt- f  co), 


dP 


(la.) 


the  only  change  would  have  been  to  take  the  imaginary  part,  instead  of  the  real  part,  and 
throw  out  the  factor  i=  -yj  —  1.  Thus, 


-F 

x  =  -r-,  e 
4  n2 

—  F 

47i2 

F 


—vt 


eio}  [lint  eint  —  (eint  -  e~irU )] 


e-vt  eio>  [2 int  (cos  nt+i  sin  nt)  —2 i  sin  nt] 


=  ~ ^n2  e~vt  (cos  co  +  i  sin  co)  [2 int  cos  nt—2nt  sin  nt  —  2i  sin  nt] 

F 

=  —^n2  (  —2nt  cos  co  sin  nt—2nt  sin  co  cos  nt+2  sin  co  sin  nt)  + 

i  (2 nt  cos  co  cos  nt  —  2nt  sin  co  sin  nt—  2  sin  co  sin  nt) 
and  the  solution  of  (3)  is 

F 

x  =  2“2  e~2t  [ —  cos  +  co)  +  cos  co  sin  nt]. 

For  the  head  gust  the  equations  to  be  solved  are 

(D  —  Xu)u  —  Xww  —  (XqD  -f  g)6=  Xuux  =  XUJ  e_7><  sin  pt, 

—  Zuu  -f  (D  —  Zw)w  —  (Zq  +  TJ)  D6=  Zuul  =  ZUJ  e -**  sin  pt, 

—  Muu—  Mww  +  (Fb£2  —  MqD)  9 =  MUJ  ernt  sin  pt. 

'bhese  are  replaced  by  equations  with  J e~nt+,pit  instead  of  Je~nt  sin  pt  and  the  equation' 
for  £,  i7,  f  become 

(X  —  Xu)  £-  XwV  -  (Xq\  +  g)  f  =  XUJ/  (X  +  n  -  pi) 

—  +  (X  —  Zw)  t]  —  (Zq  +  U)  Xf  =  ZUJ /  (X  +  n  —  pi) 

-  +  (&2BX2  -  Mqh)  f  =  MUJ /(X  +  71  -  pi) . 

Next  £,  i?,  f  are  obtained  by  solution  and  multiplied  bv  eu.  The  results  are  as  follows: 

,  „  -  (.128X3-1.16X2-3.3S5X-.917)  Jeu 

(X4  —  8.49X3— 24.5X2  — 3.385X  — .917)  (X+n-pi)’ 

x  -(X2.557X- 2.458) 

vC  ~  (X4  —  8.49X3  —  24.5X2  —  3.385X-  .917)  (X+  n-  pi)  ’ 

02851 \Je* 

~  (X4-  8.49 X3-  24.5X2-3.385X-  .917)  (X  +  n-  pi)  * 

The  solutions  for  u,  w ,  9,  respectively,  are  the  sums  of  the  residues  of  these  three  expressions 

The  denominator  factors  (since  7i=.0654,  p=.187)  into  (X+  .0654  +  .187i)(X+  .0654  — 
,187i)2  (X —  4.1 8  T 2.43i) (XT 4.18  —  2.43i).  It  is  necessary  to  calculate  the  residues  for  each  o, 
the  following  values  of  X:  — 4.18±2.43  i,  —  .0654—  .187i,  — . 0654  +  .187i.  The  first  three  corre¬ 
spond  to  single  factors  of  the  denominator  and  are  obtained  merely  by  discarding  that  factor 
and  substituting  the  value  of  X  in  the  rest  of  the  expression;  the  fourth  requires  that  the  double 
factor  be  discarded  and  that  the  value  of  X  be  substituted  in  the  derivative  of  what  remains. 
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The  whole  of  the  calculation  need  not  be  made.  The  interest  lies  almost  entirely  in  the  up 
and  down  motion  which  is  given  by 

z=j  (w—  115.56)  dt 

and  for  which  w  and  0  alone  need  to  be  determined.  One  of  the  advantages  of  the  Bromwich 
method  lies  precisely  in  this  ability  to  calculate  just  those  elements  needed. 

We  shall  begin  with  0  and  figure  the  residues  of: 

-.02851  X./ 

(X  +  .0654  +  .187i)  (X  +  .0654-.187i)2  (X  +  4.18±2.43i) ‘ 

For  that  at  X  =  —4.18  +  2.43  i  calculate 

o  _. 02851  (-4.18  +  2.430  e~4-m  (cos  2.432+i  sin  2.432) 

Kl  ~  '  ( -  4.1 15  +  2.6170  (-4.115  +2.24302  (4.860  ’ 

discarding  for  the  moment  the  factor  —  J  common  to  all  residues.  The  rules  for  dealing 
with  imaginaries  by  trigonometry  are  helpful.  We  need  the  magnitudes  and  angles  of  the 
quantities: 

mag  (  —  4.18  +  2.430  =4.834,  log  mag  =  0.6843,  ang=149Q.83, 

mag  (  —  4.115  +  2.6170  =  4.875,  log  mag  =  0.6879,  ang  =  147°. 54, 
mag  (  —  4.115+2.2430  =  4.792,  log  mag  =  0.6805,  ang=151°.40. 

The  angle  of  the  coefficient  in  Rx  is  — 30°. 51;  the  log  mag  is  6.4038.  Hence 

#,  =  (.0002183 -.0001283  i)  e~*-lst  (cos  2.432 +  i  sin  2.432). 

Of  this  the  imaginary  part,  rejecting  i,  is: 

A  =  e-*'18t  (.0002183  sin  2.432-  .0001283  cos  2.436). 

Turn  next  to  the  residue,  omitting  the  factor  — J,  at  X=  —4.18  — 2. 43i,  or 

P  _. 02851  (-4.18-2.43i)  e~4-18*(cos  2.432-i  sin  2.432) 

^2  (  —  4.115  — 2. 243i)  (  —  4.115  — 2.617i)2  (  — 4.86i) 

The  angle  of  the  coefficient  is  26°. 65;  the  log  mag  is  6.3964.  Hence 

f?2  =  (.0002226  +  .0001 11 7i)  e~*-m  (cos  2.432 -i  sin  2.452). 

Of  this  the  imaginary  part,  neglecting  i,  is: 

B  =  6  <-18*(  —  .0002226  sin  2.432  + .0001117  cos  2.432). 

Adding  A  and  B,  the  dependence  of  0  on  the  short  oscillation  is 

—  d/J  =  .0000043  sin  2.432  -  .0000166  cos  2.432).  (3) 

The  effect  is  vory  small,  indeed  quite  negligible  (compared  with  (4)  below)  as  might  be  imagined 
from  the  small  results  found  for  other  types  of  gust  in  the  two  previous  papers. 

The  residue  at  X=  —  .0654  —  .187a  is 

P  _. 02851  (-.0654-.  187i)e~M5it (cos  .1872-isin  1872) 

'(-  .374i)2(4".115  +2.243'£)  (4.115-  2.617i) 

mag  (  — .0654  — .187i)  =  .1981,  log  mag  =  9.2969,  ang  =  250°.72. 

The  angle  of  the  coefficient  is  74°. 58.  The  log  mag  is  7.2377.  Hence 

#8  =  e--0654i(cos  ,1872  — i  sin  .1872) (.0004596  +  .OOlQGQi). 
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Of  this  the  imaginary  part  is: 

C—  e-°°54t(  —  .0004596  sin  .187<  + .001666  cos  .1870. 

For  —0/J  there  remains  only  to  calculate  the  residue  at  X  =  —  .0654  + 187*1,  which  is  the 
hardest  of  all,  since  this  factor  is  squared.  We  have  to  find 


d  f 


.02851XgM 


d\  |_(X  +  . 0654 +  .187*)  (X  + 4.18 +  2.43*)  (X  + 4.18-2.43*)]* 

The  derivative  of  a  product  is  often  calculated  most  easily  by  taking  the  logarithm  before 
differentiation.  For: 

d  log  fix)  ^  ldf(x)  dfs  dlogx 
dx  fix)  dx  dx  '  dx 

The  derivative  of  the  logarithm  of  the  bracket  with  respect  to  X  is 

D  i  i  _ _ _  1 

X+  X  +  .0654  +  .187*  X  +  418  +  2.43*  X  +  4.18-2.43** 


As  X= —.0654  +  .  187*  we  have 

I)  =  i  y  "jl _ * _ * _ _ _ 

-.0654 +  .187*  .374*  4.115  +  2.617*  4.115-2.243* 

=  -1.1629-4. 766*  +  <  +  2.674*-.  1731  +.1101*-.  1832-.  0999* 

=  —1.985  —  1.992*+<  ,  ang  =  225.°10  ,  log  mag  =  .4491. 


Then  D  must  be  multiplied  by 

.02851  (-.0654  +  .  187*) e-0654J(cos  .187<  +  *  sin..  1870 
(.374*)  (4.115  +  2.617*)  (4.115-2.243*) 

The  angle  of  the  coefficient  is  15.°42;  the  log  mag  is  6.8106.  When  multiplied  by  D  we  have 
[<(.0006233  +  .0001716*)  +  (  —  .0008935  —.001583)]  *r-065«(cos  .187<+*  sin  1870. 

Taking  the  imaginary  part,  we  have: 

F=e~ 06544  [<  (.0006233  sin  .187<+  .0001716  cos  .1870  +  (-.0008935  sin  .187* -.001583 cos  .1870]. 

On  adding  C  and  F  the  effect  on  the  long  oscillation  is 

_e/j=e--065it[t( .000623  sin  .187*+ .000172  cos  .1870 

+  (-.001353  sin  .187*+  .000083  cos  .1870].  (4) 

The  accuracy,  of  course,  at  this  point  is  not  great.  The  total  result  for  6  should  give  0=0 
and  dd/dt  =  0  when  <  =  0,  and  it  does  within  the  estimated  remaining  accuracy. 

Although  the  short  oscillation  is  of  importance  if  the  values  of  dw/dt  or  dd/dt  are  desired, 
it  is  (as  seen  above  and  in  previous  papers)  of  very  little  use  in  considering  the  variable  w  or  6 
at  least  in  forced  motions  where  the  applied  force  operates  relatively  slowly  (mild  or  moderate 
as  distinguished  from  sharp  gusts);  it  is  quite  insignificant  for  the  path.  The  above  calcula¬ 
tions  could  therefore  be  abridged  somewhat  by  the  device  mentioned  in  my  second  paper  of  a 
partial  resolution  with  partial  fractions: 

1  .016X  +  .089  ,  -. 01 601 X+. 04263 

(X+. 0654 ±.187*)  (X+  4.18+2.43*)  ~ (X+  4. 18 ± 2.43*)  ‘  (X+  .0654 ± .187*)  ‘ 

The  residues  to  be  calculated  for  —  6jJ  are  those  of 

,02851X(.016X+  .089)  A  .02851X(-  .0160 1X+  .04263) 

(X+ 4.18  ±2.43*)  (X+  .0654-.  187*)  ^  (X +  .0654+ .187*)  (X+ .0654  - 187*)’’ 
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In  the  first  there  is  no  residue  for  X  =  —  .0654-  .187?  and  the  residue  for  X  =  -  .0654+  .187?  is 
negligible  compared  with  that  of  the  second  expression  for  X  =  -  .0654  +  +  87?  (which  is  the  easy 
one  to  calculate).  As  the  residues  at  X  =  —  4.18  +  2.43?  refer  to  the  short  oscillation,  they 
need  not  be  calculated,  and  therefore  the  only  calculations  really  necessary  for  discussing 
the  path  are  those  for  the  residues  of  the  second  expression.  The  work  was  carried  through 
on  this  basis  and  checked  with  that  obtained  by  the  complete  analysis  above  to  within  2  or  3% 
On  the  abbreviated  plan  just  outlined  let  us  calculate  the  result  for  —wjJ.  The  residues 
are  required  for 

X2(.557X  +  2.458)ext(  —  •016Q1X+  .04263) 

(X+  .0654  +  .187?)  (X+  .0654-  +  87?)2 


at  X=  -.0654 -.187?  and  X=  -  .0654  +  .187?.  The  first  is  ■(- .0654-  +87?)2  (2.422- .1042?) 

(.04368  +  . 002994?)  =  e-0654i  (cos  .187*-?  sin  .187*)  (.02375  -  .01797?). 

Of  this  the  imaginary  part  is 

G—  g--065«(_ .02375  sin  .187*-. 01797  cos  .187*). 

The  second  is 

d f~X2(.557X+  2.458)  ext  (- .01601X+  .04263) 1 
<&L  X+. 0654  +  .187'*  JX= -.0654+. 187*. 

Apply  logarithmic  differentiation  as  before,  and  the  residue  is  seen  to  be  the  value  of  the 
bracket  multiplied  by 


2  .557  .01601  1 

X  .557X  + 2.458  1  -.01601X  +  . 04263  X  +  .0654  +  .187?’ 

or 


_ 2 _  _ .557  .01601  1 

-  .0654  +  .  187?  +  2.422  -  +042?  + 1  ~  (04368  -  .002994?  .374?“ 


—  3.258  —  9.532? +  *  +  2.674?  +  .2295 


+  .00987?  -  .3648  -  .02506?  =*  -  3.391  -  6.873? 


The  value  of  the  bracket  itself,  apart  from  ext ,  is  -  .006718  +  .008884?. 
Hence  the  residue  is 


e-0654h cos  .187*  +  ?  sin  .187*)  [*(-.006718  +  .008884?)  +  (.08385  +  .01607?)]. 

Of  this  the  imaginary  part  is 

H  =  e--085«[*(  —  .0067 18  sin  .187* +  .0160  cos  .187*)  +  (.08385  sin  .187* +  .01607  cos  .187*)]. 
Adding  G  and  H,  the  result  for  — w/J  is 


-wJJ=e-°«'ait[t(-. 00672  sin  .187* +  .00888  cos  .187*)  +  (.0610  sin  .187* -.0019  cos  +870. 

The  last  term  should,  of  course,  check  out  so  as  to  give  zero  when  *  =  0,  but  owing  to  the 
omission  of  the  terms  corresponding  to  the  short  oscillation  the  check  can  not  be  expected  to 
be  exact.  Moreover  the  derivative  should  also  vanish,  but  has  the  value  +  .02.  This  would 
correspond  to  a  term  -w/J  =  .005e~iAStcos  2.43*.  Now  when  treating  the  gust  J(  1  -  e~-2t ),  which 
in  its  initial  effects  should  not  be  far  different  from  Je~M54t  sin  .187*,  the  term  -wfJ=e~4-lst 
(.004  cos  2.43*  — .003  sin  2.43*),  for  which  the  derivative  has  the  value  —.024,  was  actuallv 
found.  Such  a  failure  to  check  as  occurs  in  the  value  of  —w/J  here  determined  can  nob  be 
regarded  as  an  indication  of  error  in  the  calculation;  and  an  independent  calculation  checks  well 
with  the  value  above  given  for  —w/J. 

The  path  in  space  is  given  by 

2  =  J  (w  + 115.5 d)dt-J  re-0654t[<(-. 062  sin  +87* -.029  cos  +87*) +  (.095  sin  .187*- 
’  .008  cos  +87*) ]dt. 
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To  integrate  an  expression  like  e  ait  cos  bt  or  e  att  sin  bt,  the  simplest  thing  is  to  integrate 
tect  —te1  a+blH,  which  may  be  found  in  integral  tables,  and  take  real  and  imaginary  parts. 


Then 


z*=Je  -0854*[/(. 34  cos  .187/  — .03  sin  .187/) -1.8  sin  .187/]. 


The  values  for  -2/7  are,  for  /  =  10,  12,  14,  respectively,  about  1.4,  1.9,  2.0;  and  from  then 
on  the  values  decrease.  Compare  this  for  -z/J  in  the  case  of  the  periodic  gust  ux=J  sin  .2/, 
where  the  corresponding  values  are  1.9,  2.6,  3.0.  It  is  seen  that  the  damped  periodic  gust  is 
decidedly  less  effective  than  the  undamped  gust.  This  is  precisely  what  I  foresaw,  and  indeed 
what  must  be  admitted  a  priori  unless  astonishing  powers  of  discrimination  are  given  to  the 
machine.  A  gust  Je  gin  .IS//  or  7  sin  .2/  does  not  differ  in  general  character  from 
the  gust  of  the  form  J(l-<r-2*)  or  7(l-e--187*)  during  the  first  rise  from  zero  to  a  maxi¬ 
mum— the  plot  of  the  intensity  is  nearly  a  straight  line  until  the  maximum  is  approached  and 
the  slopes  of  the  lines  are  nearly  equal.  The  machine  is  by  its  inertia  an  integrating,  rather 
than  a  differentiating  device,  and  should  give  similar  displacements  in  all  four  cases.  The 
damping  in  the  first  case  tends  merely  to  diminish  the  effect.  The  maximum  rise  in  the  third 
and  fourth  types  is  about  —3.5-7 ,  in  the  second  case  about  —3 7  (as  is  natural  since  the  third  and 
fourth  gusts  persist  where  the  second  begins  to  decrease  after  about  8  seconds),  and  the  damped 
gust  gives  -  2 7  (as  is  again  natural,  since  the  maximum  cf  that  gust  is  only  about  .67  owing  to  the 
damping  factor).  The  successive  forced  oscillations  in  the  case  of  the  damped  gust  drop  off 
very  rapidly,  whereas  the  straight  periodic  gust  brings  a  decided  resonance  into  play  after  the 
natural  motion  subsides.  The  conclusion  is  that  the  constants  of  integration  are  such  as  to 
mask  the  effect  of  the  damped  gust  in  the  first  quarter  period,  whereas  the  damping  makes  the 
effect  small  at  the  subsequent  times  of  maxima. 
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AN  INTRODUCTION  TO  THE  LAWS  OF  AIR  RESISTANCE  OF  AEROFOILS. 


By  George  de  Bothezat. 


PREAMBLE. 

It  is  only  very  slowly,  through  the  centuries,  that  the  notion  of  the  resistance  of  a  fluid 
to  the  motion  of  a  solid  body  has  been  developed.  This  notion  is  intimately  associated  with 
the  concepts  which  we  gain  from  mechanical  phenomena.  In  the  aui-ora  of  the  first  gleams 
which  pierced  the  darkness  of  the  human  mind  in  the  domain  of  the  concepts  of  motion,  fluid 
resistance  was  not  differentiated  from  motion.  Thus  Aristotle  1  considered  in  principle — not 
willing  to  admit  the  possibility  of  a  vacuum — that  the  resistance  of  a  fluid  was  inseparable 
from  the  phenomena  of  motion.  It  is  this  point  of  view  which  paralyzes,  so  to  say,  completely 
his  attempts  to  form  a  conception  of  the  phenomena  of  motion,  the  exposition  of  which  by 
him  was,  it  must  be  added,  very  hazy.  Through  antiquity  to  the  Middle  Ages,  dynamical 
phenomena  were  dawning,  but  with  a  very  confused  misunderstanding.  Leonardo  de  Vinci 
seems  to  have  thought  much  about  the  motion  of  bodies  under  terrestial  conditions.  It  is 
without  any  doubt  that  he  made  numerous  and  remarkable  attempts  at  mechanical  flight. 
But,  in  his  dynamical  concepts,  he  does  not  seem  to  have  clearly  separated  the  phenomena  of 
motion  from  the  phenomena  of  the  resistance  of  fluids.  Thus  lie  used  the  confused  conception 
of  the  impetus  which  ought  to  be  communicated  to  a  body  when  the  same  is  set  in  motion, 
and  which  ought  to  dissipate  itself  progressively  to  cause  the  body  to  stop.  But  by  the  use  of 
the  conception  of  dissipation  of  the  impetus,  he  even  arrived  at  the  happy  conclusion  of  the 
impossibility  of  perpetuum  mobile.  It  is  Galileo2  who  finally  has  a  full  conception  of  the  material 
nature  of  the  gases  and  of  the  influence  the  same  have  on  the  motion  of  bodies — an  influence 
which  he  knew  to  decrease  with  the  velocity.  This  is  why  Galileo,  in  his  celebrated  experi¬ 
ments  on  falling  bodies,  recognized  the  necessity  of  making  them  at  low  velocities.  Low  veloci¬ 
ties  first  made  possible  the  quantitative  observations,  and  secondly  diminished  all  the  resist¬ 
ance,  for  the  decreasing  of  which  all  possible  measures  were  taken.  So  it  is  that  Galileo  first 
came  to  the  modern  conception  of  dynamical  phenomena. 

To  disengage  the  law  of  the  motion  of  bodies,  considering  the  latter  as  moving  in  vacuo 
and  without  any  kind  of  resistance,  and  to  look  on  all  other  effects,  such  as  friction  or  medium- 
resistance,  as  additional  effects,  this  was  the  conception  which  allowed  the  establishment  of 
dynamics.  This  conceptional  sorting  of  questions  in  the  complex  problem  of  motion  must  be 
considered  as  one  of  the  greatest  scientific  conquests.  On  our  planet  the  motion  of  bodies 
always  takes  place  in  a  fluid.  The  phenomena  of  motion,  taken  as  a  whole,  is  so  complex  that 
it  is  inextricable  for  the  human  mind.  A  very  large  conceptional  effort  had  to  be  developed  to 
rise  to  the  abstraction  of  the  phenomena  of  motion,  cleared  from  the  influence  of  the  immediate 
medium.  But  once  this  big  step  made,  we  have  the  magnificent  picture  of  the  powerful  dynami¬ 
cal  laws,  of  which  we  have  seen  the  development;  the  questions  of  friction  and  fluid  resistance 
being  considered  as  special  separate  questions,  whose  complexity  is  enough  to  make  them  subjects 

i  Aristotle.  “Physique,”  Livre  VII,  Chap.  VI.  French  translation  by  Barthelmy  Saint-Hilaire. 

»  Galileo.  “Discorsi  et  dimostrazioni  matematiche  intorno  a  due  nuove  scienze  attenanti  alia  mccanica  et  i  movimenti  locali.”  Bologna 
edition  1655. 
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of  special  branches  of  science.  We  understand  now  why  all  the  first  dynamical  investigations, 
until  recent  times,  were  almost  exclusively  made  on  problems  wherein  the  influence  of  the 
medium  could  be  neglected.  It  is  for  this  last  reason  that  the  advance  of  celestial  mechanics 
was  developed  long  before  we  began  to  understand  the  laws  of  the  motion  of  bodies  under  terrestial 
conditions.  It  is  undoubtedly  true  that  it  is  only  with  the  birth  of  aviation  that  profound 
studies  of  the  motion  of  bodies  in  real  fluids  were  st  arted  and  that  the  light  began  to  penetrate 
through  the  complex  and  delicate  phenomena  of  fluid  resistance,  which  phenomena  have,  for 
a  long  time,  veiled  from  our  eyes  the  laws  of  dynamics  but  which  have  now  given  us  the  con¬ 
quest  of  the  aerial  ocean. 

Actually  we  are  only  taking  the  first  steps  in  the  conception  of  the  problems  of  fluid  resistance. 
The  former  status  of  these  questions  consisted  more  in  the  comparison  of  fluids  to  some  mechani¬ 
cal  system,  more  or  less  similar  to  fluids,  than  in  the  study  of  the  real  fluids  with  their  real  prop¬ 
erties.  Thus,  Newton  likened  fluids  to  a  system  of  elastic  particles  whose  impact  on  the  solid 
body  produced  the  fluid  resistance.  Euler  1  in  his  research  on  fluid  resistance,  likened  fluids 
to  a  continuous  homogeneous  frictionless  medium  and  calculated  the  fluid  resistance  by  aid  of 
the  general  equations  which  he  built  up  for  that  kind  of  medium.  He  was  brought  to  the  con¬ 
clusions,  very  far  from  reality,  that  a  body  moving  in  a  fluid  meets  no  resistance  to  its  motion. 
This  conclusion  is  a  consequence  of  the  assumption  of  a  continuous  and  noncyclic  flow  around 
the  body.  Recently  Kutta  has  shown  that,  in  the  general  case  of  the  continuous  flow  of  a 
perfect  fluid  around  the  body,  the  circulation  around  the  contour  embracing  the  body  can  have 
a  finite  value,  and  in  such  a  case  the  fluid  resistance  has  a  finite  value  but  is  perpendicular  to 
the  general  stream  velocity.  Thus,  in  a  perfect  fluid  only  the  power  corresponding  to  the 
resultant  pressure  on  the  surface  of  the  body  is  necessarily  equal  to  zero,  but  the  resultant 
pressure  can  have  a  finite  value.  We  will  later  consider  Kutta’s  conceptions.  Helmholtz  is 
the  first  to  have  made  a  serious  attempt  to  bring  the  foundation  of  hydrodynamics  into  more 
close  agreement  with  reality;  and  his  work  in  that  sense  is  of  great  importance.  He  showed 
the  necessity  for  the  consideration  of  vortex  motion  and  indicated  the  possibility  of  the  forma¬ 
tion  of  surfaces  of  discontinuity  in  fluid  motion. 

This  last  idea  of  surfaces  of  discontinuity  was  used  by  Kirchhoff  2  and  by  Lord  Rayleigh  3 
for  the  calculation  of  fluid  resistance  in  some  simple  cases,  which  method  was  recently 
largely  developed  by  G.  Greenliill 4  H.  Levy  5  and  others.  The  flow  which  in  reality  is  estab¬ 
lished  seems  only  rarely  to  be  of  the  kind  assumed  by  Kirchhoff  and  Lord  Rayleigh,  so  that  in 
general  the  experimentally  measured  fluid  resistance  does  not  correspond  to  that  calculated  by 
the  Kirchhoff  and  Lord  Rayleigh  method,  a  fact  to  which  already  William  Thomson  6  (Lord 
Kelvin)  has  drawn  attention.  The  way  in  which  viscosity  has  been  considered  until  now 
does  not  give  a  satisfactory  solution  of  the  problem  of  fluid  resistance,  either.  The  calculation 
of  fluid  resistance  by  the  equations  of  motion  of  a  viscous  fluid  in  the  final  form  given  them  by 
Stokes  7  seems  to  agree  with  experiment  only  for  very  small  velocities.  It  is  only  the  develop¬ 
ment  of  aviation  that  has  given  a  new  powerful  impulse  to  aerodynamics,  and  has  brought  with 
it  the  necessity  of  a  conception  of  fluid  resistance  closer  to  reality.  Many  quite  new  ideas  and 
concepts  have  thus  been  progressively  developed. 

In  1902  W.  M.  Kutta  8  formulated,  first  for  a  particular  case  and  soon  after  generalized  for 
the  general  case,  an  important  theorem  which  gives  the  relation  between  the  fluid  resistance 
and  the  flow  around  a  body  which  encounters  that  resistance.  This  theorem  was  established 
by  its  author  for  the  case  of  perfect  fluids.  In  that  case,  this  theorem  tells  us  that  the  lift  of 

'Euler.  “  Principes  generaux  du  mouvement  des  fluides.  ”  Histoire  de  l’Acad.  de  Berlin  1755.  “De  principiis  motus  Fluidorum.”  Novi 
Comm.  Acad.  Petrograd  1759. 

*  Kirchhoff.  “Vorlesungen  iiber  Meehanik,”  1897.  22st  Vorlesung. 

*  Lord  Rayleigh.  “Scientific  papers,”  I. 

4  G.  Greenhill.  “ Stream  lines  past  a  plane  barrier,  and  of  the  discontinuity  arising  at  an  edge.  ”  Report  19,  Advisory  Committee  for  Aeronau¬ 
tics,  1912. 

s  H.  Levy.  “Discontinuous  motion  past  a  Curved  Boundary,”  Proc.  Roy.  Soc.  1916. 

8  Lord  Kelvin.  “Math,  and  Phys.  papers.”  IV,  p.  215. 

7  Stokes,  G.  G.  “Math,  and  Phys.  papers.”  I,p.  78. 

8  W.  M.  Kutta.  “Illustrirte  Aeronautische  Mitteilungen,”  1902.  “Sitzungsberichte  der  Koniglichen  Bayerischen  Akademie  der  Wissen- 
sehaften.”  Miinchen,  1910  and  1911. 
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the  body  is  equal  to  the  product  of  the  density,  velocity  of  the  stream  at  infinity,  and  circu¬ 
lation  around  a  contour  surrounding  the  body,  but  for  the  drag  it  gives  the  value  zero.  To  cal¬ 
culate  the  lift  by  this  theorem,  it  is  necessary  to  know  the  flow  around  the  body.  Kutta 
assumes  that  this  flow  is  a  compound  forward  and  cyclic  motion  of  the  fluid;  but  this  is  only 
an  assumption,  without  sufficient  foundation.  The  Kutta  theorem,  understood  as  just  stated, 
was  applied  with  many  developments  to  numerous  cases  by  Joukowski 1  and  Tchapliguine. 
The  results  of  all  these  calculations  do  not  fully  agree  with  experiment.  I  have  submitted  the 
Kutta  theorem  to  critical  examination  2  and  have  showed  that  this  theorem  must  not  be  under¬ 
stood  as  giving  the  solution  of  the  problem  of  fluid  resistance,  because  it  leaves  open  the  ques¬ 
tion  of  the  flow  around  the  body  and  only  gives  the  relation  between  flow  and  fluid  resistance. 

In  recent  years,  Karman  3  has  called  attention  to  the  fact  that  the  flow  around  a  body 
having  a  rectilinear  and  uniform  motion  of  translation  in  a  fluid  very  often  consists  of  a  system 
of  vortices  which  are  formed  behind  the  body,  and  has  shown  the  relation  which  must  exist 
between  the  momentum  of  these  vortices  and  the  fluid  resistance.4 

ihe  works  of  Karman  are  probably  the  first  to  indicate  the  necessity  of  the  determination 
of  the  type  of  flow  which  in  reality  takes  place  around  a  body  in  order  to  be  able  to  calculate 
its  fluid  resistance,  a  question  to  which  not  enough  attention  was  paid  before.  And  what  is 
particularly  important,  the  type  of  flow  which  most  generally  establishes  itself  is  not  necessarily 
one  of  the  types  which  were  presupposed  by  all  the  foregoing  theories.  The  flow  around  a 
body  immersed  in  a  fluid  is  not  necessarily  continuous  as  it  was  supposed  by  Euler;  it  is  not 
generally  characterized  by  a  system  of  surfaces  of  discontinuity  either,  as  was  assumed  by 
Kirchhoff  and  Lord  Rayleigh,  which  surfaces  of  discontinuity  must  be  considered  as  almost 
unstable,  the  viscosity  disturbing  them;  but  more  often  the  flow  is  characterized  by  a  system  of 
vortices  as  shown  by  Karman. 

Nevertheless,  the  systematical  study  of  the  different  kinds  of  flow  around  solid  bodies 
which  are  compatible  with  the  general  equation  of  hydrodynamics  is  of  the  highest  value.  It  is 
of  the  geratest  importance  to  disengage  all  the  types  of  flow  which  are  possible  for  fluids  because 
only  under  such  conditions  can  we  reach  the  complete  solution  of  the  great  fluid  resistance 
problem.  Generally  speaking,  all  kinds  of  flow  satisfying  the  equations  of  hydrodynamics  are 
virtually  possible  under  special  conditions.  Particular  attention  must,  however,  be  paid  to 
the  question  of  finding  out  the  exact  conditions  under  which  each  kind  of  flow  can  take  place. 
In  many  cases  of  flow  of  air  or  water  the  types  of  flow  characterized  by  vortices  in  quincunx 
seem  to  be  most  usually  obtained.  This  is  on  account  of  the  need  of  stability,  and  the  con¬ 
ditions  of  energy  dissipation  inside  those  fluids.  If  we  look  over  the  historical  development 
of  hydrodynamics  it  is  the  progressive  discovery  of  the  properties  of  the  different  types  of  flow 
that  we  see  before  us. 

In  the  development  of  modern  hydrodynamics  the  question  of  the  conditions  which  fix 
the  type  of  flow  established  under  given  conditions  was  left  nearly  without  any  examination. 
Exactly  speaking,  what  did  the  classical  hydrodynamics  give  us  in  order  to  determine  the  flow 
in  the  case  of  steady  motion  ?  Of  the  four  equations  of  the  motion  of  an  incompressible  fluid 
which  forms  the  foundation  of  classical  hydrodynamics,  three  give  the  relation  between  the 
distribution  of  the  velocities  and  the  pressures  5 — it  is  these  which  express  the  theorem  of 
momentum  in  its  application  to  a  fluid  particle — and  only  one,  the  equation  of  continuity 
determines  the  flow.  The  question  of  finding  the  flow  around  a  body  as  defined  by  the  equa¬ 
tion  of  continuity  is  a  problem  of  finding  a  function  which  verifies  the  Laplace  equation  and 
satisfies  the  boundary  conditions.  It  must  be  remembered,  however,  that  the  equation  of 
continuity  is  only  a  necessary  condition  for  continuity  and  is  not  at  all  sufficient.  As  Helm¬ 
holtz  has  first  remarked,  the  discontinuity  of  the  tangential  components  of  the  velocity  in 

1  See  “Aerodynamique”  by  N.  Joukowski.  Paris,  1916. 

2  See  Note  I  at  the  end  of  this  pamphlet. 

3  v.  Karman.  “Nachrichten  von  der  Konigliehen  Gesellsehaft  der  Wissenschaften  zn  Gottingen.”  1911.  “  Physikalische  Zeitschrift.”  1912. 
See  also  the  above-mentioned  Aerodynamique,  by  N.  Joukowski  and  Note  IV  at  the  end  of  this  pamphlet. 

4  In  the  following  the  conceptions  of  Karman  will  be  extended  to  the  aerofoil. 

6  This  is  particularly  well  seen  when  we  use  the  equations  of  fluid  motion  in  natural  curvilinear  coordinates.  See  Note  II. 
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regard  to  some  surfaces  is  compatible  with  the  equation  of  hydrodynamics,  so  that  when  a  flow, 
satisfying  the  equation  of  continuity  is  found,  it  must  still  be  verified  that  such  a  flow  is  vir¬ 
tually  possible.  This  is  probably  one  of  the  most  important  questions  in  the  problem  of  fluid 
resistance.  I  must  finally  add  that  in  some  cases  the  continuous  flow  of  a  fluid  seems  to  be 
practically  impossible. 

I  will  give  an  example.  To  follow  more  easily  the  motion  of  a  fluid,  let  us  divide  its  con¬ 
tinuous  volume  by  a  system  of  triorthogonal  surfaces  which  accompany  the  fluid  in  its  motion, 
so  that  we  have  no  flow  through  these  surfaces.  Continuous  motion  will  mean  that  each 
fluid  element  will  always  remain  in  contact  with  the  14  elements  which  are  in  touch  with  it 
at  any  moment;  that  all  the  elements  contained  in  any  closed  surface  moving  with  the  fluid 
will  always  remain  in  it;  that  all  the  elements  which  are  inside  the  fluid  will  never  come  on  its 
surface;  that  all  the  elements  which  are  on  the  boundary  surface  of  the  fluid  will  never  come 
inside  the  fluid,  etc.;  so  that  the  whole  motion  is  considered  only  as  a  continuous  deformation 
of  the  fluid  medium  without  any  alteration  of  the  mutual  grouping  of  the  elements.  If  we  now 
consider  for  example  the  flow  of  a  viscous  fluid  running  out  of  a  pipe  into  a  reservoir,  considering, 
as  generally  admitted,  the  velocity  of  the  fluid  on  the  pipe  walls  equal  to  zero,  and  if  we  attempt 
to  follow  the  deformation  of  a  fluid  element,  we  very  easily  see  the  impossibility  of  such  a  concep¬ 
tion.  It  is  enough  to  remember  that  the  elements  all  keeping  close  together  will  be  found  in  some 
cases  making  some  hundreds  of  thousands  of  revolutions  per  second.1  The  admittance  of  conti¬ 
nuity  in  such  conditions  seems  to  be  very  difficult.  In  all  probability,  the  real  motion  must 
consist  of  a  succession  of  continuous  states  of  motion  interrupted  by  discontinuous  intervals. 

The  following  question  can  very  naturally  arise:  How  did  it  happen  that  in  the  domain 
of  rigid  dynamics  we  at  once  reached  so  many  results  which  stay  in  close  agreement  with  the 
motion  of  real  solid  bodies,  and  that  in  many  hydrodynamical  problems  we  have  not  been  till 
now  able  to  secure  satisfactory  solutions.  The  fact  lies  in  the  nature  of  the  question.  In 
the  historical  evolution  of  mechanics  the  concept  of  a  rigid  body  was  first  fully  reached.  The 
formation  of  this  concept  did  not  present  any  special  difficulties  and  its  application  to  the 
analysis  of  an  enormous  number  of  problems  of  practical  mechanics  has  shown  at  once  all  its 
power.  The  scientific  world  was  already  in  the  possession  of  a  fully  developed  rigid  dynamics, 
experimentally  verified,  when,  in  Euler’s  times,  attention  was  brought  to  the  general  problem 
of  fluid  motion.  When  the  concept  of  a  perfect  fluid  was  reached  it  was  instinctively  assumed 
that  this  conception  bore  a  relation  to  the  real  fluid  quite  as  close  as  the  conception  of  rigid 
bodies  to  a  real  solid  body.  It  was  with  great  astonishment  that  men  recognized  the  disagree¬ 
ment  which  began  to  appear  between  the  consequences  of  the  hydrodynamical  equations  and 
the  hydraulic  experiments.  For  a  long  time  the  investigators  in  hydrodynamics  somewhat 
skeptically  considered  the  disagreement  between  theory  and  practice,  and  did  not  pay  much 


1  In  the  case  of  a  continuous  motion  of  a  fluid  in  a  horizontal  pipe,  the  axis  of  the  pipe  is  an  axis  of  summetry  for  the  whole  phenomenon.  Using 
this  axis,  as  the  Z  axis  of  a  system  of  cylindrical  coordinates,  the  equations  of  the  fluid  motion  in  these  coordinates  for  our  case  will  be 

dD,  d*w,  dp 

oV,  U 

dz  dr*  dz 

Where  &  is  the  density  of  the  fluid  and  v  is  the  viscosity  constant.  But  in  consequence  of  continuity  and  incompressibility 

and  A  —  Const, 

dz  dz 


where  A  is  the  pressure  gradient  along  the  Z  axis,  so  that 

and 

For  the  vortex  components  we  have 

and  from  the  foregoing 


d*o, 

mc,  “  %A  r*+  B 

ai,=0  ;  0  ;  <o* 

At 


do, 
"  dr 


In  some  of  Poiseuille's  experiments  with  water,  A  was  of  the  order  of  one  atmosphere  s  10s  -“““y  I  m^0-01  ;  res  0.  >01 


so  that  we  get 

which  givas  106/2t  revolutions  per  second. 


u.  ^  10*  ; 
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attention  to  it;  and  I  will  allow  myself  to  say  that  probably  some  of  them  believed  more  the 
conclusions  of  their  equations  rather  than  the  experimental  results.  The  great  success  of  rigid 
dynamics  in  its  origin  is  without  any  doubt  one  of  the  principal  reasons  why  there  has  been 
so  much  confidence  in  the  concept  of  a  perfect  fluid  and  why  in  a  certain  period  of  the  devel¬ 
opment  of  hydrodynamics  this  science  has  been  brought  to  a  very  abstract  development, 
more  as  a  mathematical  discipline  than  as  a  science  of  nature.  But  the  demands  of  the  mag¬ 
nificent  conquest  of  the  aerial  ocean  by  the  airplane  has,  I  think,  definitely  brought  the 
hydrodynamical  science  on  the  right  way  of  one  of  the  most  important  natural  sciences. 

If  we  review  the  foregoing,  we  can  now  give  the  following  statement  of  the  question  of 
fluid  resistance: 

To  be  able  to  calculate  the  fluid  resistance  of  a  body,  we  must  first  determine  the  type 
of  flow  which  takes  place  around  the  body  in  the  case  considered. 

It  appears  that  the  conditions  which  hold  at  the  surface  of  contact  of  fluid  and  solid  con¬ 
stitute  a  special  difficulty  and  lienee  that  special  conditions  exist  there.  It  may  therefore 
seem  that  it  is  necessary  first  to  make  a  special  study  of  the  problem  of  the  flow  of  the  fluid 
in  the  immediate  neighborhood  of  the  body.  As  conditions  of  flow  depend  upon  the  shape 
of  the  surface  of  the  body  and  the  physical  properties  of  the  fluid,  I  think  that  the  solution 
of  this  problem  could  be  obtained  only  in  an  empirical- theoretical  way;  that  is  to  say,  to  find 
out  by  what  quantities,  experimentally  measured,  we  can  fix  the  mutual  relation  between  the 
surfaces  of  contact  and  the  fluid  flowing  along  them,  so  that  these  quantities  once  known, 
the  flow  in  the  neighborhood  of  the  body  could  be  determined.  It  seems  that  only  a  thin 
layer  of  fluid  is  disturbed  by  the  immediate  influence  of  the  surface  of  a  body  and  that  at  a 
moderate  distance  from  the  bod}^  the  influence  of  the  body  surface  practically  disappears. 

The  conditions  of  flow  in  the  portion  of  a  fluid  remote  from  any  rigid  body  seem  to  be 
easier  to  understand  than  the  conditions  in  the  immediate  neighborhood  of  a  body.  In  the 
remote  fluid  portions  we  can  have  continuous  motion,  and  so  long  as  continuous  motion  takes 
place  no  vortices  can  appear  within  the  fluid,  and  this  independently  of  any  assumption  as  to 
viscosity.1  The  appearances  of  vortices  can  only  come  from  the  formation  of  surfaces  of  dis¬ 
continuity  in  the  fluid.  The  mechanics  of  formation  of  the  latter  surfaces  is  very  probably 
the  following: 

A  real  fluid  has  to  be  considered  as  a  fluid-elastic  body  (in  opposition  to  the  solid-elastic 
body),  the  stresses  in  which  are  fixed  by  the  distribution  of  the  velocity  gradient.  The  fluid- 
elastic  body  can,  without  any  doubt,  move  as  a  continuous  whole  only  provided  the  stresses 
at  all  the  points  of  the  fluid  have  not  reached  a  certain  value.  If  some  of  these  stresses  exceed 
a  certain  magnitude,  which  must  depend  upon  the  properties  of  the  fluid,  the  fluid  may  break 
at  that  point  if  tension  stresses  appear,  or  slip,  if  the  stresses  are  shears.  It  is  in  this  way 
that  surfaces  of  discontinuity  arise  in  a  fluid.  But  the  existence  of  them  can  be  only  a  momen¬ 
tary  phenomenon  which  is  replaced  by  vortices,  the  surfaces  of  discontinuity  being  unstable 
in  regard  to  viscosity.  We  thus  see  that  the  study  of  the  problem  of  fluid  resistance  must 
consist  first,  of  finding  out  the  conditions  under  which  continuous  motion  of  a  fluid  can  take 
place  around  a  body.  The  system  of  stresses  in  the  fluid  around  the  body  seems  to  be  the 
criterion  for  that  continuity.  When  the  latter  conditions  are  not  satisfied,  then  we  shall  have 
to  find  out  what  systems  of  vortices  can  be  compatible  with  the  problem;  then,  afterwards, 
when  the  type  of  flow  is  exactly  fixed,  the  fluid  resistance  can  be  calculated  by  the  theorem 
of  momentum. 

'  Let  us  consider,  for  simplicity,  a  viscous  Quid  moving  parallel  to  a  plane.  (For  the  notations,  see  Note  II.)  The  moment  of  the  forces  acting 
on  two  opposite  sides  of  a  fluid  element  will  he 

oTt .  ,  dv 

^dvdrd^j 

that  is,  an  mfinitoly  small  quantity  of  the  fourth  order. 

Tho  moments  of  momentum  of  the  element  will  be  proportional  to 

Sdrded#  (d**+dr*), 

that  is,  an  infinitely  small  quantity  of  the  fifth  order.  Therefore,  if  the  forces  acting  on  the  surface  of  the  element  give  rise  to  a  moment,  the 
element  will  necessarily  take  an  infinite  rotation,  which  would  mean  discontinuity. 
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I  will  here  ask  the  reader  to  pay  special  attention  to  the  following  fact.  The  formation 
of  special  types  of  vortex  systems  behind  a  body  moving  in  a  real  fluid  is  a  direct  consequence 
of  the  energy  dissipation  inside  the  fluid  owing  to  viscosity.  As  will  be  shown  in  this  pam¬ 
phlet,  the  work  of  the  fluid  resistance  forces  brings  with  it  the  necessity  of  the  formation  behind 
the  body,  in  the  limiting  case,  not  only  of  the  interior  surfaces  of  discontinuity  of  the  Kirchhoff- 
Lord  Rayleigh  theory,  but  also  of  a  system  of  exterior  surfaces  of  discontinuity  remote  from 
the  body.  All  these  surfaces  of  discontinuity  are  constituted  by  vortex  sheets.  Rut  such 
vortex  surfaces  of  discontinuity  being  unstable,  they  go  over  into  stable  vortex  systems,  the 
quincunx  vortex  system  being  the  one  most  generally  obtained,  for  the  case  of  large  aspect 
ratio.  I  call  fundamental  wave  the  vortex  motion  generated  by  the  exterior  vortex  surface  of 
discontinuity,  and  secondary  wave  the  vortex  motion  generated  by  the  interior  vortex  surface 
of  discontinuity.  We  can  now  understand  why  at  small  velocities  the  flow  around  a  body 
approaches  more  a  continuous  flow.  At  small  velocities  the  work  of  the  fluid  resistance  forces 
is  small  and  is  quickly  dissipated  inside  the  fluid.  But  at  greater  flow  velocities  the  work  of 
the  fluid  resistance  forces  can  not  be  at  once  dissipated  in  the  fluid,  and  a  decrease  of  the  kinetical 
and  potential  energy  of  the  fluid  is  produced,  which  gives  rise  to  an  oscillatory  motion  of  the 
fluid  left  behind  the  body,  and  thus  a  progressive  dissipation  of  the  lost  energy  is  realized. 

We  thus  see  that  the  whole  question  of  the  problem  of  air  resistance  consists  in  finding 
out  the  conditions  which  determine  the  kind  of  flow  around  a  body,  and  we  see  now  how  far 
the  first  attempts  to  calculate  the  fluid  resistance  were  from  reality.  They  can  only  be  con¬ 
sidered  as  attempts  to  draw  the  conclusions  from  certain  assumptions,  and  it  is  only  with  time 
that  the  idea  of  the  conception  of  a  real  fluid,  which  was  always  problematic,  has  slowly  been 
reached;  and  we  find  ourselves  now  only  at  the  beginning  of  the  development  of  this  great 
question. 

This  pamphlet  must  be  considered  only  as  an  introduction  to  the  question  of  the  law  of 
air  resistance  of  aerofoils,  which  will  give  a  general  review  of  the  present  main  knowledge 
of  that  question.  But  a  special  attempt  will  be  made  to  show  the  insufficiency  of  many  con¬ 
ceptions  often  admitted,  and  to  indicate  the  ways  in  which,  it  seems  to  me,  future  investigations 
must  be  undertaken.  At  the  end  I  have  added  some  notes  which  I  think  will  be  of  interest 
for  those  who  would  like  to  have  more  complete  references  concerning  the  questions  discussed. 

Among  the  questions  contained  in  this  pamphlet  the  following  are  taken  from  the  author’s 
lectures,  given  since  1912,  at  the  Polytechnical  Institute  of  Petrograd:  The  scheme  of  the 
phenomenon  of  fluid  resistance;  calculation  of  the  apparent  angle  of  deflection  of  the  stream 
behind  an  aerofoil;  the  establishment  of  the  fundamental  wave  created  by  the  motion  of  an 
aerofoil  and  the  determination  of  its  characteristic  elements;  determination  of  the  part  of  the 
drag  due  to  tip  vortices  and  its  dependence  upon  aspect  ratio;  connection  between  tip  and 
edge  vortices  and  the  relation  of  the  last  to  the  drag  and  the  lift  of  the  aerofoil;  generalization 
of  Bernouilli's  theorem;  exact  demonstration  and  generalization  of  Kutta’s  theorem;  the 
equation  of  metacentric  curves  in  Plucker’s  coordinates. 

The  author  takes  pleasure  in  thanking  Dr.  J.  S.  Ames  for  his  kind  assistance  given  by 
reading  the  manuscript  of  this  Report  and  correction  of  its  stjde. 

George  de  Bothezat. 

Washington,  D.  C.,  September,  1918. 


Chapter  i. 


PRELIMINARY  CONSIDERATIONS.1 

When,  under  earth  conditions,  a  certain  body  is  moving,  its  motion  necessarily  takes  place 
in  a  fluid,  more  generally  in  air  or  water. 

When  the  velocity  of  the  body  is  relatively  low,  or  the  fluid  is  of  low  density  and  low 
viscosity,  the  action  of  the  fluid  medium  on  the  motion  of  the  solid  body  is  not  very  marked. 
In  those  cases  we  can,  without  appreciable  error,  abstract  ourselves  from  the  influence  of  the 
medium  and  consider  the  motion  of  the  body  as  taking  place  in  a  vacuum. 

When  the  velocity  of  the  body  reaches  a  certain  value  in  a  viscous  fluid  of  finite  density, 
the  action  of  the  medium  on  the  motion  of  the  bod}"  becomes  of  prime  importance.  In  that 
case,  to  be  able  to  study  the  motion  of  a  solid  body,  we  must,  in  addition  to  the  forces  which 
act  on  the  body  and  among  which  we  necessarily  have  the  Archimedes  lift,  add  a  system  of 
forces  which  express  the  action  of  the  fluid  on  the  different  elements  of  the  surface  of  the  body 
in  motion.  This  system  of  superficial  forces,  which  is  distributed  over  all  the  surface  of  the  bodj, 
is  generally  called  fluid  resistance. 

For  any  body  having  any  general  motion  in  a  fluid,  the  determination  of  the  fluid  resistance 
is  so  complex  a  problem  that  its  general  solution  can  actually  not  be  found  either  experimentally 

or  theoretically.  Only  some  very  simple  cases  of  uniform 
and  rectilinear  motion  of  bodies  have  been,  until  now,  sub¬ 
mitted  to  a  more  or  less  complete  investigation. 

We  imagine  a  solid,  which  is  brought  into  motion  with 
a  rectilinear  and  uniform  velocity  of  translation,  in  a  fluid 
medium,  which  is  immobile  with  respect  to  the  earth,  which 
has  uniform  and  constant  temperature,  and  which  has  such 
dimensions  that  the  disturbances  caused  by  the  motion  of  the 
solid  do  not  reach  the  boundary  surface  of  the  fluid.  In  that  condition,  at  a  time  which  is 
generally  somewhat  after  the  body  has  reached  this  constant  velocity,  certain  steady  conditions 
are  established.  The  solid  is,  so  to  say,  accompanied  in  its  motion  through  the  fluid  by  a 
certain  state  of  disturbance  of  the  fluid  around  it.  There  was  a  time  when  it  was  thought  that 
this  disturbance  has,  relative  to  the  body,  an  invariable  configuration;  but  we  now  know  that, 
generally,  this  disturbance  is  invariable  relative  to  the  body  only  before  the  same,  and  that 
behind  it  we  often  have  a  state  of  periodical  disturbance.  The  result  of  this  disturbance  is  a 
system  of  steady  or  periodical  forces  acting  on  the  whole  surface  of  the  solid.  This  system  of 
forces,  which  constitutes  the  fluid  resistance,  can  always  be  brought  to  a  resultant  wrench, 
whose  components  will  be  designated  by  R,  for  the  resultant  force  of  the  wrench,  and  by  C, 
for  the  resultant  torque  of  the  wrench.  (See  fig.  1.)  If  these  above-mentioned  forces  are 
periodical,  we  will  understand  by  li  and  G  the  mean  values  of  the  resultant  force  and  the 
resultant  torque  of  the  wrench. 

It  is  quite  possible  that,  for  the  same  body  brought  into  motion  with  the  same  velocity, 
the  system  of  forces  of  air  resistance  may  be  different,  depending  on  the  manner  in  which  the 
body  is  brought  to  its  state  of  motion,  but  it  seems  that  in  most  general  cases,  the  viscosity 
tends,  so  to  say,  to  make  uniform  all  the  possible  types  of  disturbances  around  the  body,  so 
that,  generally,  in  a  free  fluid,  the  same  disturbances  are  always  established  around  the  body  when 
it  reaches  the  same  velocity  in  the  same  fluid.  In  that  sense  we  can  say: 

For  a  solid  body,  moving  in  a  fluid  medium  with  a  constant  velocity,  there  corresjwnds  a 
determinate  fluid  resistance. 

1  The  main  contents  of  this  chapter  are  taken  from  the  first  chapter  of  the  Author’s  “Etude  de  la  Stability  de  1’ Aeroplane  ”  Paris  1911, 
a  chapter  which  was  written  at  that  time  under  the  influence  of  the  lectures  of  Paul  Painleve. 
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We  therefore  see  that,  when  the  body  has  reached  a  steady  state  of  motion,  the  resultant 
force  R  and  the  resultant  torque  C  of  the  wrench  of  the  fluid  resistance  are  independent  of  the 
time,  and  are  functions  only  of  the  magnitude  of  the  velocity  and  its  orientation  toward  the 
body. 

Under  the  11  law  of  fluid  resistance  for  uniform  translation  of  a  solid,”  we  will  understand  the 
formulas  which  give,  in  position  and  magnitude,  the  resultant  force  R  and  the  resultant  torque  C 
of  the  wrench  of  fluid  resistance,  as  functions  of  the  characteristics  of  the  form  and  the  dimensions 
of  the  body  under  consideration,  and  the  magnitude  of  the  velocity  of  the  body  relative  to  the  fluid 
and  its  orientation  toward  the  body. 

It  must  be  remarked  that  the  components  R  and  C  of  the  resultant  wrench  do  not  replace 
fully  the  fluid  resistance,  but  are  equivalent  to  the  system  of  forces  of  fluid  resistance  in  only 
one  single  sense,  namely,  that  modification  which  the  fluid  resistance  introduces  in  the  motion 
of  the  body  will  be  the  same  when  we  replace  the  system  of  forces  of  fluid  resistance  by  the  re¬ 
sultant  wrench.  In  all  other  relations  R  and  0  are  not  equivalent  to  the  fluid  resistance ;  for 
example,  the  stresses  which  are  produced  in  the  body  by  the  system  of  fluid  resistance  are  entirely 
modified  when  we  substitute  R  and  C  for  the  fluid  resistance.  The  resultant  wrench  of  a  system 
of  forces  is  only  an  analytical  transformation,  the  possibility  of  which  is  established  by  the 
theorems  of  mechanics  and  which  allows  us  to  reduce  a 
given  system  of  forces  to  its  simplest  expression.  The 
resultant  wrench  is  determined  only  with  one  degree  of 
freedom,  its  position  on  its  line  of  direction  being  entirely 
arbitrary.  There  is  no  interest  in  seeking  for  an  exact 
position  of  the  wrench  on  its  line  of  direction.  These 
data  would  not  give  us  any  complementary  indication 
upon  the  motion  of  a  solid.  The  motion  of  a  solid  is 
absolutely  determined  when  the  resulting  wrench  of  the 
system  of  acting  forces  is  given  in  magnitude,  direction, 
and  sense.  The  position  of  the  wrench  on  its  direction 
does  not  enter  into  the  question  of  motion. 

It  is  easy  to  see  that  the  system  of  forces  of  fluid 
resistance  can  never  be  reduced  to  a  single  resultant 
torque,  because,  if  that  were  possible,  the  body  once  brought  to  that  velocity  at  which  this 
could  take  place  would  be  able  to  move  of  itself  infinitely  forward  without  any  expense  of 
power,  because  it  would  only  be  necessary  to  equilibrate  by  an  acting  torque  the  torque  of 
fluid  resistance;  and  this  is  in  full  contradiction  to  all  we  know  about  fluid  resistance. 

For  the  same  reason  the  projection  of  the  resultant  force  R  on  the  direction  of  the  velocity 
must  always  have  a  sense  inverse  to  that  of  the  velocity,  because  if  it  w^ere  not  so,  the  body 
once  brought  to  that  state  of  motion  at  which  that  could  happen  would  be  able,  for  example, 
to  pull  something  infinitely — the  torque  of  fluid  resistance  being  equilibrated  by  an  acting 
torque — and  so  do  work  of  itself,  which  would  be  in  contradiction  with  the  principle  of  energy.  * 

When  the  body  under  consideration  has  a  plane  of  symmetry  parallel  to  its  velocity,  the  resistance 
of  the  fluid  is  reduced  to  a  unique  resultant  force  R  lying  in  the  plane  of  symmetry  of  the  solid  and 
whose  projection  on  the  direction  of  the  velocity  has  always  the  inverse  sense  of  the  velocity. 

This  proposition  can  be  easily  justified.  The  system  of  forces  of  resistance  will  then  be  a 
symmetrical  system  (see  fig.  2)  and  can  always  be  reduced  to  a  system  of  forces  lying  in  the  plane 
of  symmetry;  but  the  latter  system  of  forces  can  always  be  reduced  to  a  resultant  force  or  to  a 
resultant  torque.  As  we  have  seen,  however,  the  reduction  to  a  torque  being  impossible,  the 
system  of  forces  will  reduce  itself  to  a  single  resultant  force,  the  projection  of  which  on  the 
velocity  must  have  a  sense  inverse  to  the  velocity  for  reasons  already  indicated. 

All  the  foregoing  does  not  exclude  the  possibility  of  the  body’s  taking  a  rotary  motion 
as  a  result  of  the  translatory  motion  in  a  fluid. 

167080— S.  Doc.  307,  65-3 - 7 


98 


ANNUAL.  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


We  will  have  especially  to  study  the  law  of  air  resistance  of  aerofoils.  The  model  aero¬ 
foil  generally  has  a  perimeter  of  approximately  rectangular  shape  and  its  cross  section  is  built 
up  by  a  system  of  arcs.  In  figure  3  is  represented  in  plan  and  in  cross  section  through  its  plane  of 
symmetry,  an  aerofoil  of  the  type  mentioned,  which  is  moving  in  air  with  a  constant  velocity 
V  parallel  to  its  plane  of  symmetry.  The  force  of  air  resistance  admits  necessarily  a  resultant 
force  R,  whose  projection  on  the  direction  of  the  velocity  is  in  the  inverse  sense  of  the  velocity. 

I  once  more  emphasize  the  fact  that  no  point  of  the  resultant  force  Id  has  to  be  distin¬ 
guished  from  any  other  point  and  that  the  resultant  force  is  fully  specified  when  we  know, 
first,  its  magnitude;  second,  its  line  of  action,  which  is  defined  by  direction  and  position  toward 
the  aerofoil  under  consideration.  The  position  of  the  resultant  force  on  its  line  of  action  is 
ad  libitum;  that  is  to  say,  no  special  point  can  be,  from  a  mechanical  standpoint,  exclusively 

distinguished  as  point  of  application  or  center  of  pressure 
of  the  resultant  force  R. 

Very  often  the  conception  of  point  of  application  of  a  force  is  much  misunder¬ 
stood.  Let  us  consider,  for  example,  a  nail  fixed  to  a  solid  body,  which  is  pulled  by 
a  rope  fastened  to  that  nail.  In  such  a  case  we  can  certainly  speak  of  the  point  of 
application  of  a  force  to  our  body,  which  point  of  application  is  the  surface  of  contact 
of  the  nail  with  the  body.  When  the  nail  is  small  and  the  body  large,  we  can 
abstract  ourselves  in  a  first  approximation  from  the  size  of  the  surface  of  nail  contact 
and  consider  that  surface  as  a  point,  and  in  that  sense  speak  of  the  point  of  applica¬ 
tion  of  the  force  to  the  body.  But  as  soon  as  we  begin  to  speak  about  the  equili¬ 
brium  or  the  motion  of  our  body,  considering  it  as  a  solid  body  (by  which  we  mean 
that  we  are  neglecting  the  deformation  of  the  body)  under  the  action  of  the  acting 
force,  the  conception  of  point  of  application  loses  every  mechanical  sense,  as  follows 
directly  from  our  statement  of  the  question,  because,  considering  only  the  equilibrium 
or  the  motion  of  the  body,  we  abstract  ourselves  from  its  other  physical  properties  to 
which  belongs  also  its  elasticity.  But  the  consideration  of  our  body  as  invariable 
brings  with  it  at  once  that  the  action  of  a  force  upon  a  body  in  sense  of  motion  or 
equilibrium  is  independent  of  the  position  of  the  force  on  its  line  of  action,  so  that 
from  the  standpoint  of  mechanics  of  rigid  bodies  only  the  magnitude  of  the  forces 
and  theirlines  of  action  have  to  be  considered,  the  position  of  the  forces  on  their  lines 
of  action  being  anyone,  and  we  do  not  need  to  consider  any  point  of  application. 
Nothing  astonishing  must  be  found  in  that  last  fact.  We  must  only  remember  the 
whole  statement  of  the  problem  of  motion  of  the  rigid  body.  It  must  not  be  thought 
either  that  the  consideration  of  such  abstract  concepts  as  the  rigid  body  is  something 
exclusive.  On  the  contrary,  one  of  the  most  important  scientific  methods  consists 
in  the  sorting  of  the  different  sides  of  the  questions  studied  by  isolating  by  abstraction 
a  physical  property  of  a  body  from  its  other  properties;  and  this  general  scheme  of 
the  evolution  of  our  knowledge  must  never  be  forgotten,  for  doing  so  is  the  cause  of 
great  misunderstanding,  as  happens  with  the  center  of  pressure  in  aviation. 

In  the  beginning  of  the  development  of  aviation,  and  by  some  writers  until  now, 
it  was  considered  as  evident  that  the  center  of  pressure,  being  the  point  of  application 
of  the  force  of  air  resistance,  the  airplane  had  to  be  considered  as  suspended  at  that  point  when  flying.  This  conception  brought  at  once  the  false 
conclusion  which  is  in  full  discordance  with  experience,  that  the  lowering  of  the  center  of  gravity  would  increase  the  stability,  and  this  false  con¬ 
ception  was  only  the  result  of  the  consideration  of  the  notion  of  point  of  application,  which,  exactly  speaking,  has  nothing  to  do  with  the  motion  of 
rigid  bodies.  By  the  aid  of  the  theorems  of  mechanics  we  can  easily  find  at  which  point  we  can  consider  the  airplane  as  suspended  when  in  flight, 
so  that  our  conclusions  fully  coincide  with  reality.  This  point  is  the  center  of  mass,  because  the  theorem  of  moments  of  momentum  is  applicable 
to  the  center  of  mass  independently  of  its  state  of  motion,  so  that  the  oscillation  of  a  rigid  body  around  its  center  of  mass  is  the  same  as  if  the 
center  of  mass  was  immovable.  From  this  right  conception  we  see  in  full  agreement  with  experience  that  the  weight  can  have  no  influence  on  the 
stability  of  the  airplane,  which  can  be  secured  only  by  the  forces  of  air  resistance.  I  have  stopped  on  the  last  question  a  little  more  than  I  ought 
to  do,  but  the  conception  of  center  of  pressure  is  generally  so  misunderstood  in  aviation  that  I  thought  that  this  explanation  would  not  be 
unavailing. 

Until  now  we  have  admitted  that  the  fluid  was  immobile  and  the  body  moving  in  the 
fluid,  but  we  could  also  consider  the  body  as  immobile  and  the  fluid  running  by  the  body  in 
a  uniform  stream.  If  in  both  cases  the  realtive  velocity  of  the  stream  toward  the  body  is  the 
same,  the  flow  around  the  body  can  be  the  same  in  both  cases,  if  the  necessary  precautions 
are  taken  for  that  purpose.  But  it  can  very  easily  happen  that  in  these  two  cases  the  flow 
may  be  different  because  of  differences  in  the  boundary  conditions.  The  principle  of  relativity 
of  hydrodynamics  consists  in  admitting  that  the  fluid  resistance  depends  only  upon  the  relative 
velocity  of  the  fluid  to  the  body.  It  is  clear  that  this  principle  can  be  admitted  only  when 
the  flow  around  the  body  in  both  cases  is  the  same;  and  under  the  latter  conditions  the  prin¬ 
ciple  of  relativity  is  fully  verified  and  is  the  conclusion  of  the  general  law  of  dynamics. 


Chapter  II. 

THE  EMPIRICAL  LAWS  OF  AIR  RESISTANCE  OF  AEROFOILS. 

Let  us  consider  an  aerofoil  represented  in  cross  section  by  figure  4,  moving  in  air  with  a 

velocity  constant  in  magnitude  and  direction.  The  air  resistance  R  of  the  aerofoil  is  fully 
specified  by — 

I.  Its  magnitude; 

II.  Its  position  and  orientation  toward  the  aerofoil. 

To  find  the  position  and  orientation  of  the  air  resistance  R  as  well  as  the  orientation  of 
the  relative  wind  velocity  V  toward  the  aerofoil  let  us  take  as  reference  line  an  arbitrarv  line 
LL  invariably  connected  with  the  aerofoil  cross  section  (see 
fig.  4) .  We  will  designate  by  a,  and  call  it  “  angle  of  attack/’ 
the  acute  angle  which  the  velocity  V  makes  with  the  line 
LL ;  by  /3  the  angle  which  the  air  resistance  R  makes  with 
the  normal  to  that  same  line,  and  by  G  the  point  where 
the  line  of  action  of  the  air  resistance  R  cuts  the  line  XL, 
which  point  will  be  called  center  of  pressure.  The  orienta¬ 
tion  of  the  aerofoil  relative  to  the  velocity  V  is  fully  speci¬ 
fied  by  the  angle  a. 

It  has  been  shown  by  numerous  experiments  that  the 
resultant  air  resistance  encountered  by  an  aerofoil,  for  certain  intervals  of  the  velocity  varia¬ 
tion,  follows  the  following  empirical  law: 

I.  In  magnitude  the  air  resistance  R  of  the  aerofoil — 

(1)  Is  proportional  to  the  area  A  of  the  aerofoil; 

(2)  Is  proportional  to  the  square  of  the  velocity  V  of  the  aerofoil  relative  to  the  air; 

(3)  Is  a  function  of  the  orientation  of  the  aerofoil  toward  the  relative  velocity  V; 

(4)  Is  proportional  to  the  air  mass  density  5. 

II.  In  position  and  direction  the  air  resistance  of  an  aerofoil  is  independent  of  the  mag¬ 
nitude  of  the  velocity  V  and  depends  only  upon  the  orientation  of  the  aerofoil  toward  the 
relative  velocity. 

The  foregoing  empirical  law  of  air  resistance  of  aerofoils  can  be  stated  in  the  following 
formula: 

R  =  HAV>f(a) 

in  which  k  is  a  coefficient  of  proportionality  and  /  (a)  a  function  of  the  angle  of  attack  which 
is  characteristic  for  the  type  of  aerofoil  considered.  The  last  formula  can  also  be  written: 

R=KAV2f(a) 

or 

R  =  KaA  V2  =  kjA  V2 

where 

K=kb\  Ka=  Kf  (ct)  =  ka8) 

the  coefficients  Ka  and  ka  being  certain  functions  of  the  angle  of  attack  a  only. 

It  is  customary  in  aerodynamics  to  consider  the  resultant  air  resistance  R  decomposed 
into  two  components,  the  drag  RX)  along  the  relative  velocity; 

RX=R  sin  (/3-fa)  =  KaAV2  sin  (/3-fa) 
and  the  lift  Ry,  along  the  normal  to  the  relative  velocity. 

Ry  =  R  cos  (/3  -f  a)  =  KaA  V2  cos  (/?  -f  a) 
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when  the  air  resistance  R  is  in  direction  independent  of  the  magnitude  of  the  velocity  V,  we 
can  write 

Rx  =  KXA  V2  —  kx8A  V2 
Rv  =  KVA  V2  =  kv8A  V2 

where 

Kx  =  Tcx5  =  Ka  sin  (fi  +  a) 

Ky  =  1cvS  =  Ka  cos  (J3  +  a) 

the  coefficients  lcx  and  kv  being  functions  of  the  angle  of  attack  a  only. 

Let  us  now  examine  the  exact  meaning  of  the  foregoing  empirical  laws  of  air  resistance 
and  the  restrictions  to  which  these  laws  are  submitted. 

We  shall  begin  by  an  exact  statement  of  the  definition  of  all  the  quantities  which  occur 
in  the  foregoing  laws. 

The  angle  of  attack. — Let  us  designate  by  cq  the  angle  of  attack  measured  from  one  ref¬ 
erence  line  LlLl  and  by  a2,  the  angle  of  attack  measured  from  a  second  reference  line  L2L2,  con¬ 
nected  invariably  both  with  the  same  aerofoil  (see  fig.  5) ;  and  let  e  be  the  angle  between  these 
two  lines.  It  is  easy  to  see  that  we  have 

a2  =  at  + 1 

If  the  direction  of  V  varies,  we  shall  have 

a3  -f-  A  a2  =  ax  +  Acq  +  € 

or 

Aa2  =  Acq 

because  t  is  a  constant  angle. 

We  therefore  see  that  the  variation  of  the  angle  of  attack  is  the  same  for  the  same  variation 
of  the  velocity  orientation,  independently  of  the  reference  line  from  which  the  angle  of  attack 


is  measured.  It  is  probably  for  the  last  reason  that  in  the  beginning  of  the  development  of 
aviation  it  was  thought  that  the  reference  line  used  to  fix  the  angle  of  attack  can  be  chosen 
arbitrarily,  and  the  chord  of  the  aerofoil  was  generally  adopted  as  such  reference  line.  There 
would  be  nothing  to  say  against  such  a  convention  if  we  had  to  do  only  with  aerofoils 
with  cross-sections  of  the  same  type,  but  all  the  difficulties  begin  when  we  wish  to  compare 
aerofoils  with  cross-sections  of  different  profiles.  It  is  in  the  conception  of  chord  that  the  whole 
misunderstanding  lies.  In  geometry  the  word  chord  is  defined  as  a  straight  line  joining  two 
points  of  a  curve,  but  what  is  the  chord  of  an  area  like  the  section  of  an  aerofoil  ?  Nobody  knows 
exactly,  but,  what  is  still  worse,  is  that  it  is  impossible  to  establish  such  a  definition.  When 
the  cross-section  profile  of  the  aerofoil  is  formed  by  two  curves  which  cut  one  another,  we 
instinctively  take  as  chord  the  common  chord  of  the  curves  which  limit  the  profile  considered 
(see  fig.  6a) ;  but  for  profiles  such  as  represented  on  fig.  6b  two  such  chords  can  already  be  drawn. 
We  are  still  more  perplexed  for  the  choice  of  the  chord  in  the  case  such  as  shown  in  fig.  6c,  in 
which  any  line  drawn  through  that  profile  could  with  equal  success  be  considered  as  chord. 
From  these  simple  examples  we  see  that  the  celebrated  chord  is  nothing  else  than  a  reference  line 
which  is  chosen  arbitrarily.  In  such  conditions  when  could  we  say  that  the  profiles  a,  b,  and  c 
of  the  fig.  6  have  the  same  angle  of  attack.1  When  we  have  to  do  with  a  fiat  plate  the  defini¬ 
tion  of  the  angle  of  attack  presents  no  difficulty.  It  is  evidently  the  angle  between  the  relative 

>  This  last  question  is  of  first  importance  for  aviation  practice.  For  example,  how  can  we  judge  for  two  airplanes  having  their  wings  of  different 
cross-section,  that  they  are  flying  under  the  same  angle  of  attack? 
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velocity  and  the  plate  itself  (see  fig.  7).  But  what  is  the  aerodynamical  characteristic  of  the 
direction  of  the  flat  plate?  It  is  nothing  else  than  the  direction  for  which  the  lift  of  the  plate 
is  zero.  When  the  wind  blows  along  the  plate,  the  whole  air  resistance  is  reduced  to  drag 
and  we  have  no  lift.  It  is  consequently  from  the  direction  of  zero  lift  that  we  measure  the 
angle  of  attack  of  a  flat  plate.  Thus  the  direction  of  zero  lift  forms  our  reference  line  in  that  case. 

Many  years  ago  Paul  Painlev6  indicated  that,  if  we  wish  to  obtain  a  rational  basis  for  the 
establishment  of  the  definitions  of  all  the  conceptions  which  we  use  in  connection  with  the  air 
resistance  law  of  aerofoils,  we  must  simply  draw  a  parallel  between  the  aerofoil  and  the  flat  plate 
considered  as  a  conceptional  standard. 

Adopting  this  standpoint,  we  shall  adopt  as  reference  line  of  each  aerofoil  the  direction  for 
which  its  lift  is  zero  and  we  shall  call  that  line  the  zero  lift  line  or,  more  simple,  the  zero  line. 
The  plane  normal  to  the  symmetry  plane  of  the  aerofoil  and  containing  the  zero  line  will  be 
called  the  zero  plane.  The  zero  plane  and  the  zero  line  are  experimentally  fully  determined  for 
each  aerofoil. 

Let  us  consider  an  aerofoil  (see  fig.  8)  on  which  the  wind  blows  successively  in  the  directions 
Vx,  V2,  Vs,  V4,  and  let  Rv  R2,  R*.  be  the  air  resistance  corresponding  to  those  directions. 

We  reach  the  zero  line  when  the  resultant  air  resistance  is  in  the  wind  direction,  as  is  the  case 
for  Ra.  The  zero  line  has  to  be  determined  experimentally  not  only  in  direction  but  also  in 
exact  position  relatively  to  the  aerofoil. 

It  is  easy  to  see  that  for  each  type  of  aerofoil  we  generally  have  four  zero  lines  as  shown  on 
figure  9.  We  shall  adopt  as  standard  zero  line  the  one  which  corresponds  to  zero  lift  when  the 
wind  is  blowing  on  the  entering  edge.  It  is  the  zero  line  which  corresponds  to  Vx  and  Rx  in 
figure  9.  The  angle  of  attack  measured  from  the  standard  zero  line  will  be  designated  by  i  and 
called  absolute  angle  of  attack  or  absolute  incidence  (see  fig.  10);  distinguishing  this  angle  from 
the  relative  angle  of  attack  a  measured  from  any  other  reference  line.  The  standard  reference 
line  and  absolute  angle  of  attack  as  above  defined  are  important  aerodynamic  characteristics 
of  the  aerofoil.1 

The  partisans  of  chord  have  reproached  the  definition  of  the  standard  reference  line  with 
the  fact  that  it  is  difficult  experimentally  to  measure  the  incidence  from  that  line.  But  it  is 
quite  another  question  when  we  have  to  determine  in  experimentation  the  orientation  of  aerofoils 
in  the  wind  current.  In  that  case  we  certainly  must  choose  as  reference  line  that  line  from  which 
the  measurements  are  most  easily  made  and  such  a  line  could  be  called  the  experimental  reference 
line.  The  question  of  experimental  reference  line  is  a  question  of  the  technic  of  experimentation. 
In  one  experimental  method,  one  line  is  more  convenient;  in  another  method,  another  line  is 
more  convenient.  But  when  stating  the  results  of  our  experimentation,  we  must  always  give 
them  in  absolute  angle  of  attack,  because  only  in  this  case  will  comparison  be  possible. 

Finally  I  must  also  mention  the  following  fact:  It  can  happen  that  for  a  certain  aerofoil 
cross-section  the  lift  may  be  zero  for  any  direction  of  the  relative  wind  within  a  certain  angle, 
as  shown  in  figure  11.  In  that  case  one  of  the  extreme  zero  lines,  V \RX  or  V4RA  of  the  above 
figure,  ought  to  be  taken  as  reference  line.  In  such  a  case,  the  lift  curve  plotted,  for  example, 
as  function  of  the  incidence  would  have  the  shape  shown  in  figure  12. 

The  aerofoil  area. — The  area  of  an  aerofoil  also  needs  a  special  definition.  According 
to  our  standpoint  of  a  parallel  drawn  between  aerofoil  and  flat  plate,  we  shall  adopt  as  “aerofoil 
area”  the  area  of  the  projection  of  the  aerofoil  on  its  zero  plane.  (See  fig.  10.)  Only  with  such 
a  definition  will  be  avoided  all  the  difficulties  and  indeterminations,  as  will  be  easy  to  see  from 
the  detailed  discussion  which  has  been  made  for  the  angle  of  attack. 

The  center  of  pressure. — To  avoid  difficulties,  we  must  also  adopt  as  center  of  pressure 
the  point  of  intersection  of  the  zero  line  with  the  resultant  force  of  air  resistance  R. 

1  For  example,  an  absolute  incidence  of  five  degrees  means  that  a  five  degree  decrease  of  the  angle  of  attack  bring  us  to  zero  lift.  For  the  aero¬ 
foils  actually  used  in  aviation  practice  the  standard  zero  line  is  generally  disposed  above  the  aerofoil,  which  means  that  when  the  absolute 
incidence  is  equal  to  zero  the  air  resistance  gives  rise  to  a  moment  relative  to  the  entering  edge. 
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Fig.  10. 
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I  shall  show  in  a  few  words  what,  for  example,  happens  if  we  take  for  the  center  of  pressure 
the  intersection  of  the  so-called  chord  and  the  air  resistance  R.  In  figure  13  is  represented 
an  aerofoil  and  the  system  of  the  resultant  forces  of  air  resistance  R0,  Rv  R2,  Rs,  Rt,  R&,  for 
different  angles  of  attack  increasing  in  an  arithmetical  progression.  If  we  follow  the  dis¬ 
placement  of  the  center  of  pressure  O'  referred  to  the  chord,  we  easily  see  that  there  is  one  posi¬ 
tion  of  the  air  resistance  when  it  is  parallel  to  the  chord,  and  the  center  of  pressure  goes  to 
infinit}^.  So  that  the  curve  of  the  center  of  pressure  taken  on  the  chord  has  always  for  small 
angles  of  attack  an  asymptote.  The  general  shape  of  the  curve  of  center  of  pressure  in  that 
case  is  shown  in  figure  14a,  where  is  plotted  the  distance  of  the  center  of  pressure  O'  from  the 
entering  edge  A'  as  function  of  the  relative  angle  of  attack  a  .  If  we  take  the  center  of  pressure 
on  the  zero  line,  then  the  curve  of  center  of  pressure  will  not  have  any  point  at  infinity  and 
the  curve  of  center  of  pressure  will  have  the  shape  represented  in  figure  14b* 1 *,  where  is  plotted 
the  distance  AO  (see  fig.  13)  as  function  of  the  absolute  incidence  i.  The  passage  of  the  center 
of  pressure  to  infinity  when  taken  on  the  chord  is  only  a  consequence  of  a  bad  definition,  because 
it  must  be  remembered  that  in  the  definition  of  the  center  of  pressure  we  must  be  guided  only 
by  convenience. 

To  illustrate  fully  the  meaning  of  the  conception  of  the  center  of  pressure,  I  shall  draw  a 
parallel  between  the  notions  of  center  of  'pressure ,  center  of  mass,  and  metacenter. 

Let  us  first  consider  two  parallel  forces  Fx  and  F2  of  constant  magnitude  applied  at  two 
points  1  and  2.  (See  fig.  15.)  As  well  known,  the  resultant  R12  of  these  two  forces  will  be 
parallel  to  them  and  will  divide  the  distance  1,  2  in  inverse  ratio  to  the  forces  Ft  and  F2.  If 
we  consider  now  the  two  forces  Ft  and  F2  turning  around  their  points  of  application  but  main¬ 
taining  their  magnitude  and  remaining  parallel,  the  resultant  force  Rn  will  also  turn  around 
a  definite  point.  If  we  consider  now  a  system  of  three  parallel  forces  Fv  F2,  F3  constant  in 
magnitude  and  turning  around  their  points  of  application,  it  will  be  easily  seen  that  the 
resultant  force  of  the  three  forces  will  also  turn  around  a  definite  point,  because  R123  is  the 
resultant  of  Rn  and  F3,  and  so  on,  independently  of  the  number  of  forces.  The  point  through 
which  the  resultant  force  of  a  system  of  constant  parallel  forces  turning  around  their  points 
of  application  always  passes,  is  called  the  center  of  the  parallel  forces.  The  center  of  mass  is 
a  particular  case  of  center  of  parallel  forces  when  the  forces  considered  are  the  weights  of  the 
different  elements  of  a  body. 

Let  us  now  consider  generally  any  system  of  forces  applied  at  any  points.  If  we  con¬ 
sider  the  continuous  variation  of  these  forces,  their  resultant  force  will  also  vary  continuously  in 
magnitude,  position,  and  direction,  and  will  describe  in  space  a  certain  surface  which  is  called 
the  metacentric  surface.  When  all  the  forces  considered  lie  in  the  same  plane,  the  resultant 
force  also  lies  in  the  same  plane  and  the  metacentric  surface  is  reduced  to  a  metacentric  curve, 
which  is  the  envelope  of  the  successive  positions  of  the  resultant  force.  The  point  at  which 
the  resultant  force  touches  the  metacentric  curve  is  called  the  metacenter.  (See  fig.  16.)  When 
the  forces  considered  are  parallel  and  constant  in  magnitude,  the  metacentric  curve  reduces 
to  a  point.  We  therefore  see  that  we  can  consider  the  center  of  mass  as  a  particular  case  of 
metacentric  curve  reduced  to  a  point. 

If  we  consider  the  system  of  forces  of  air  resistance  of  an  aerofoil,  these  forces  admit  a 
metacentric  curve  and  it  will  be  easy  to  see  that  this  metacentric  curve  has  always  a  cusp 
point  admitting  the  zero  line  as  tangent  at  that  point.  In  figure  17  is  represented  the  general 
shape  of  the  metacentric  curve  of  an  aerofoil.  For  comparison,  in  figure  18  is  represented 
the  metacentric  curve  of  a  flat  plate.3 

The  important  fact  is  that  the  center  of  pressure  is  neither  a  center  of  parallel  forces  nor 
a  metacenter,  but  simply  a  point  arbitrarily  chosen  to  fix  the  position  of  the  resultant  force 

1  The  scale  used  on  fig.  14a  to  plot  the  distance  A'  C'  is  smaller  than  the  scale  used  on  fig.  14b  to  plot  AC. 

1  In  the  theory  of  the  airplane  the  metacentric  curves  do  not  have  the  same  importance  as  in  ship  theory.  In  the  last  theory  the  metacentric 
curves  allow  a  direct  evaluation  of  the  restoring  moments,  on  account  of  that  fact  that,  to  a  first  approximation,  the  lifting  force  of  a  ship  is  con¬ 
stant  when  the  ship  undergoes  oscillations.  It  is  not  the  case  for  the  airplane,  where  the  lifting  forces  are  variable  in  magnitude  when  the  airplane 

i  s  oscillating,  so  that  the  metacentric  curve  alone  does  not  determine  the  restoring  moment.  That  is  why  for  aerofoils  the  metacentric  curve  must 

be  considered  only  as  giving  the  general  picture  of  variation  of  the  resultant  force  of  air  resitance  in  position  and  direction. 
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of  air  resistance.  That  is  why  we  must  choose  it  in  the  way  most  convenient  for  our  purpose. 
For  this  last  reason  we  shall  take  the  center  of  pressure  on  the  zero  line.  In  that  case  we  shall 
have  no  point  of  the  center  of  pressure  curve  in  infinity,  and  the  cusp  point  of  the  meta- 
centric  curve  will  be  the  limit  position  of  the  center  of  pressure  on  our  zero  line. 

The  velocity. — The  velocity  V  which  enters  in  the  formulas  of  air  resistance  of  aerofoils 
disposed  in  a  uniform,  fluid  current  has  to  be  taken  in  front  of  the  aerofoil  and  at  such  a  dis¬ 
tance  from  it  that  the  disturbances  in  the  medium  caused  by  the  presence  of  the  aerofoil  do 
not  reach  it.  This  distance  generally  lies  in  front  of  the  aerofoil  between  one  and  two 
times  its  breadth. 

The  fictitious  equivalent  plane. — As  a  summary  of  all  the  foregoing  discussion  we  are 
brought  to  the  following  conception: 

Let  us  consider  the  zero  plane  of  an  aerofoil  and  project  on  this  plane  the  aerofoil  and 
take  this  area  as  the  fictitious  equivalent  plane,  or,  shorter,  as  equivalent  plane,  of  our  aerofoil; 
that  is  to  say,  attribute  all  the  properties  of  our  aerofoil  to  that  plane  and  refer  all  the  quan¬ 
tities  which  we  use  to  describe  the  law  of  air  resistance  of  aerofoils  to  that  fictitious  equivalent 
plane.  We  shall  thus  take  as  area  of  the  aerofoil  the  area  of  the  equivalent  plane.  (See  fig. 
19.)  We  shall  measure  the  angle  of  attack  from  that  equivalent  plane  and  this  will  be  our 
absolute  incidence  i.  We  shall  take  the  center  of  pressure  on  that  equivalent  plane  and  fix 
the  direction  of  the  force  of  air  resistance  R  by  the  angle  (3  of  its  inclination  to  the  normal  to 
that  equivalent  plane.  Under  such  conditions,  all  the  formulas  of  pages  2  and  3  have  to  be 
referred  to  the  equivalent  plane;  and  in  that  case  we  shall  write: 

I.  The  magnitude  of  the  air  resistance  R  of  aerofoils  (see  fig.  19) 


where 

The  drag 
The  lift 
where 


R  =  HA  Vfiii)  =  KA  V2f(i) 

R  =  K{A  V2 = TcidA  V2 
K=H;  K{  =  Kf(i)  =  k{S 
RX  =  R  sin  03 -f i)  =  Kx  A  V2  =  lcx8A  V2 


RV  =  R  cos  (/3 + i)  =  Ky A  V 2  =  Jcy8A  V2 
Kx  =  =  Ki  sin  (|8  4-  i) 


Ky  =  lcy8  =  Ki  cos  (/3  4-  i) 

the  coefficients  Kx,  Ky  and  Tcx,  lcy  being  functions  only  of  the  absolute  angle  of  attack  i. 

Some  general  data  on  aerofoils. — To  the  foregoing  formulas  I  will  add  the  following 
remarks : 

For  the  orientation  under  which  the  aerofoil  is  practically  used,  the  lift  of  the  aerofoil 
is  generally  equal  to  zero  only  when  the  wind  is  blowing  on  the  back  of  the  aerofoil,  and  the 
equivalent  plane  is  disposed  somewhat  above  the  aerofoil.  The  position  and  orientation  of 
the  equivalent  plane  can,  in  general,  also  depend  from  the  value  of  the  speed  V,  so  that  to 
different  speed  intervals  can  correspond,  for  the  same  aerofoil,  different  equivalent  planes. 

Starting  from  zero  absolute  incidence,  the  air  resistance  R  rises  very  quickly  out  of  the 
zero  plane,  so  that  for  angles  of  attack  around  5°,  the  air  resistance  makes  small  angles  with 
the  normal  to  the  zero  plane. 

For  the  aerofoils  actually  used  in  aviation  for  small  angles  of  attack,  the  ratio  of  drag 
to  lift  can  reach  1/20. 

For  actual  aerofoils,  considering  the  incidence  increasing  from  zero,  the  center  of  pressure 
first  approaches  the  leading  edge  (see  fig.  17) — that  is,  travels  in  a  sense  inverse  to  that  for  the 
case  of  a  flat  plate  (see  fig.  18) — and  only  afterwards,  for  greater  values  of  the  angles  of  attack 
(generally  larger  than  10°)  the  center  of  pressure  begins  to  travel  away  from  the  leading  edge. 

The  coefficients  Kx,  Ky,  and  Tcx,  Jcy,  for  equal  values  of  the  angle  of  attack,  have  the  same 
values  only  for  aerofoils  having  similar  cross-section  and  similar  perimeters;  and  still  in  that 
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case  their  values  also  depend  upon  the  magnitude  of  the  aerofoil  area  A  and  the  magnitude 
of  the  velocity  V.  These  coefficients  do  not  vary  much  when  the  magnitude  of  the  aerofoil 
area  changes,  and  by  the  variation  of  the  velocity  the  coefficients  Kx  and  7cx  are  principally 
affected — they  diminish  when  the  velocity  increases — the  coefficients  Kv  and  lcv  do  not  seem  to 
depend  much  upon  velocity  for  a  value  of  the  last  above  a  certain  value. 

For  small  angles  of  attack — up  to  around  10° — for  most  actual  aerofoils,  the  coefficients 
Jcv  follows  a  linear  law  and  the  coefficient  ~kx  a  parabolic  law.  So  that  for  such  angles  we  can 
write 

ky  —  Id 

Tcz  =  ~k  ( ai1  2  +  bi  +  c) ; 

so  that  in  such  a  case  the  lift  and  drag  of  the  aerofoil  have  for  expressions 

Rv  =  Jc8AVH=  KAVH 

Rx  =  led  A  V2  (ai2  +  bi  +  c)  =  KA  V2  (ai2  +  bi  +  c ) 

The  value  of  the  coefficient  K  depends  upon  the  aspect  ratio  Lib,  that  is,  the  ratio  of  its  span  L 
to  its  breadth  b.  For  values  of  this  ratio  equal  to  about 
5  or  more,  the  coefficient  K  for  most  actual  aerofoils,  for 
usual  atmospheric  conditions,  has  a  value  near  to  1/200, 
the  units  used  being  the  meter,  the  kilogram,  and  the 
second.  For  smaller  values  of  the  aspect  ratio,  the 
value  of  K  diminishes. 

Different  characteristic  curves  used  to  plot 
the  results  of  measurements  of  the  air  resistance 
of  aerofoils. — To  plot  the  results  of  measurements  of 
air  resistance  of  aerofoils  different  systems  of  curves  are 
used.  From  any  system  of  characteristic  curves  giving 
a  full  specification  of  the  laws  of  air  resistance  of  aero¬ 
foils,  we  can  deduce  any  other  one. 

First  method } — The  most  direct  way  of  representing 
the  air  resistance  of  an  aerofoil  is  to  plot  the  curves  of 
the  coefficients  Ar<  or  kt  as  function  of  the  angle  of 
attack  i,  and  the  curve  of  the  angle  /3  as  function  of  the 
angle  of  attack  i.  The  A*  or  curve  gives  a  direct 
evaluation  of  the  magnitude  of  the  force  of  air  resistance; 
and  the  /3  curve  gives  the  laws  of  variation  of  the  incli¬ 
nation  of  the  air  resistance  to  the  normal  to  the  zero  line.  The  general  shape  of  the  K{  and  £ 
curves  are  represented  in  figure  20. 

Second  method. — Another  method  very  widespread  in  the  practice  of  modern  aerody¬ 
namical  laboratories  is  to  plot  the  lift  curve  Ky  and  the  drag  curve  Kx  as  functions  of  the 
angle  of  attack  i.  To  these  curves  the  drag-lift  KJ Kv  curve  is  generally  added.  It  is  much 
more  convenient  to  use  the  drag-lift  curve  than  the  lift-drag  curve,  as  it  is  made  sometimes, 
because  many  fundamental  properties  of  the  airplane  are  directly  connected  with  the  drag- 
lift  curve.2  The  general  shapes  of  the  drag  curve,  the  lift  curve,  and  the  drag-lift  curve  are 
represented  in  figure  21. 

Third  method. — Probably  one  of  the  oldest  methods  used  to  represent  the  laws  of  air 
resistance  of  aerofoils  consists  in  plotting  the  lift  coefficient  as  function  of  the  drag  coefficient. 
This  method  was  used  by  Lilienthal.  When  using  this  method  the  angle  of  attack  is  marked 
on  the  curve.  (See  fig.  22.)  This  method  presents  the  advantage  that  we  can  also  read  on 
the  curve  KV=F(KX)  the  variation  of  the  drag-lift  ratio.  It  is  easy  to  see  that  the  tangent 


1  This  method  of  plotting  is  used  by  the  author  for  propeller  calculations. 

>See,  for  example,  G.  de  Bothezat,  “Etude  de  la  Stabilitie  de  P  Aeroplane,”  pp.  58-68,  Paris,  1911. 
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of  the  angle  y  which  a  line  joining  the  origin  with  a  point  of  the  curve  Kv=  F(KX)  makes  with 
the  Kv  axis  is  equal  to 


,  Kx 
tg7”7Tv: 


so  that  we  can  directly  plot  a  scale  for  KJ Ky  on  a  parallel  to  the  Kx  axis.  Each  straight 
line  joining  the  origin  with  a  point  of  the  Ky=  F(KX )  curve  cuts  off  on  that  scale  the  value 
of  KXIKV .  The  tangent  drawn  from  the  origin  to  the  curve  Kv—  F(KX)  gives  the  minimum 
of  the  value  of  KXIKV. 

In  his  last  research  on  aerofoils,  Eiffel  uses  this  method  and  for  convenience  plots  the  Kx 
at  the  scale  ten  times  bigger  than  the  Kv. 


To  specify  fully  an  aerofoil  by  each  system  of  the  foregoing  curves,  there  must  be  added 
the  curve  of  the  center  of  pressure  and  the  zero  line  in  exact  position  and  direction.  It  is 
also  good  to  draw  the  metacentric  curve  which  gives  a  full  picture  of  the  positional  and  direc¬ 
tional  variation  of  the  forces  of  air  resistance. 

I  must  also  add  that  it  is  necessary  that  the  data  on  aerofoils  be  at  least  determined  for 
an  interval  of  —90°  to  90°  of  absolute  incidence.  This  is  on  account  of  the  fact  that  we  must 
not  limit  ourselves  to  the  actual  necessities,  but  must  also  give  data  which  future  research 
and  discovery  may  need.1 


1  As  example,  I  can  indicate  the  following  fact:  Only  because  the  aerofoil  data  were  not  enough  extended,  we  can  not  actually  calculate  the 
thrust  of  a  propulsive  screw  at  a  fixed  point  whenever  the  necessary  methods  are  already  at  our  disposal.  A  propeller  at  a  fixed  point  works  at 
very  large  angles  of  attack,  20°,  30°,  40°,  and  in  some  cases  still  greater. 


Chapter  III. 

THE  FLOW  AROUND  THE  AEROFOIL. 

In  the  beginning  of  the  development  of  aviation,  the  main  knowledge  arose  at  first  only 
to  the  general  quantitative  relations  about  air  resistance  of  aerofoils,  and  it  is  only  very  slowly 
that  light  has  been  thrown  on  the  flow  phenomena. 

For  an  aerofoil  moving  with  a  uniform  and  rectilinear  velocity  in  air  the  following  flow 
phenomena  have  been  progressively  discovered  experimentally. 

I.  On  the  upper  surface  of  the  aerofoil  we  have  a  decrease  of  pressure  and  on  the  lower 
surface  of  the  aerofoil  we  have  an  increase  of  pressure.  The  depression  created  on  the  upper 
surface  is,  for  small  angles  of  attack,  always  larger  than  the  increase  of  pressure  on  the  lower 
surface,  so  that  the  lift  of  the  aerofoil  is  due 
more  to  a  suction  exerted  on  the  upper  side  than 
to  the  pressure  exerted  on  the  lower  side. 

II.  The  stream  in  the  wake  behind  the 
aerofoil  appears  to  be  deflected  downward. 

III.  From  the  tips  of  the  aerofoil  vortices 
run  off  which  we  will  call  the  tip  vortices  (see 
Fig.  23).  The  rotation  of  the  fluid  in  these 
tip  vortices  has  the  sense  from  the  outside 
space  into  the  inside  space  between  the  vor¬ 
tices,  if  we  look  from  above.* 1 

IV.  In  the  space  between  the  tip  vortices 
two  kinds  of  flow  can  take  place.  For  very 
small  angles  the  flow  is  continuous;  that  is  to 
say,  we  have  no  sensible  turbulent  motion. 

But  when  the  angle  of  attack  increases  beyond  a  certain  value  of  the  last,  there  appear  on  both 
edges  of  the  aerofoil  vortices,  parallel  to  these  edges,  which  we  will  call  the  edge  vortices.  The 
greater  the  velocity  of  the  flow  running  on  the  aerofoil,  the  smaller  is  the  angle  of  attack  for  which 
edge  vortices  appear.  These  edge  vortices  are  not  stationary  with  reference  to  the  aerofoil. 
They  grow  up  on  the  edges  of  the  aerofoil  and,  when  they  have  reached  a  certain  intensity,  they 
run  off  in  the  general  direction  of  the  stream  behind  the  aerofoil,  so  that  these  edge  vortices 
have  a  certain  velocity  with  reference  to  the  aerofoil. 

The  edge  vortices  which  grow  on  the  upper  and  lower  edge  rotate  from  the  space  outside 
the  two  vortices  into  the  space  inside,  when  one  looks  from  above,  so  that  behind  the  aerofoil 
there  appears  a  system  of  vortices  in  quincunx  2  rotating  in  inverse  senses  (see  fig.  24).  The 
ends  of  these  vortices  go  over  into  the  tip  vortices.  As  the  edge  vortices  are  rotating  in  inverse 
sense  the  mean  value  of  the  intensity  of  the  tip  vortices  is  not  modified  by  the  edge  vortices. 
We  now  see  that  the  general  picture  of  the  flow  behind  an  aerofoil  looks  like  a  vortex  ladder 
running  off  the  aerofoil.3 

So  far  as  I  know,  exact  measurements  of  the  depression  on  the  upper  side  and  the  pressure 
on  the  lower  side  of  an  aerofoil  were  first  made  by  G.  Eiffel.  The  apparent  stream  deflection 
behind  the  aerofoil  seems  to  have  been  observed  by  many  investigators.  The  necessity  of  the 
existence  of  tip  vortices  seems  to  have  been  first  indicated  by  Lanchester.  The  vortices  in 

I  Observations  of  tip  vortices  have  been  madeby  J.  R.  Pannell  and  N.  R.  Campbell.  “  The  Flow  of  Air  Around  a  Wing  Tip/’  Report  No.  197, 
March,  1916,  Advisory  Committee  for  Aeronautics. 

I I  call  quincunx  vortex  system,  a  system  of  two  parallel  rows  of  equidistant  rectilinear  and  parallel  vortices  rotating  in  inverse  senses  in  each  row, 
and  in  such  an  arrangement  that  the  vortices  of  one  row  are  disposed  towards  the  middle  of  the  distance  between  the  vortices  of  the  other  row. 

*  Good  pictures  of  edge  vortices  running  oS  an  aerofoil  can  be  found  in  the  “  Technical  Report  of  the  Advisory  Committee  for  Aeronautics,”  for 

the  years  1912-1913.  “Photographic  Investigation  of  the  Flow  Around  a  Model  Aerofoil,”  by  E.  F.  Relf,  p.  133. 
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quincunx  were  first  noted  by  Karman  for  the  particular  case  of  the  orthogonal  motion  of  a  flat 
plate  and  the  motion  of  a  cylinder. 

Before  attacking  the  detailed  discussion  of  the  above-mentioned  flow  phenomena,  I  shall 
first  make  some  general  remarks  on  the  flow  phenomenon  around  a  solid  body  moving  in  a  fluid 
with  a  uniform  velocity. 

General  scheme  of  the  phenomenon  of  fluid  resistance. — I  shall  here  develop  a  general 
scheme  of  the  fluid  resistance  phenomenon,  which  must  be  considered  as  a  conceptional  limit, 
but  which  takes  account  of  all  the  fundamental  circumstances  of  the  fluid  resistance  phenomenon 
in  their  most  simplified  form,  and  thus  allows  a  better  view  of  the  relations  which  hold. 

We  shall  first  consider  the  case  of  an  infinite  cylindrical  body  having  a  plane  of  symmetry 
and  moving  in  an  infinite  fluid  with  a  constant  velocity  V0  parallel  to  that  plane  of  symmetry, 
the  sense  of  F0  being  taken  as  positive  sense.  (See  fig.  25.) 

Let  us  imagine  an  observer  moving  with  the  body.  For  such  an  observer  there  will  appear 
_  _  a  relative  stream  running  on  the  body. 

(2 _ ^ 


Fig.  24. 


When  the  fluid  is  considered  as  perfect  this 
relative  stream  can  be  assumed  as  being  a 
potential  stream — that  is,  a  stream  ad¬ 
mitting  a  velocity  potential  for  the  velocity 
distribution  in  it.  But  for  a  real  fluid,  in 
the  case  of  our  problem,  according  to  the 
indications  of  the  experiment,  there  must 
necessarily  be  losses  inside  the  fluid  and 
thus  a  certain  distribution  of  vortices  in  it. 
This  last  fact  is  a  direct  consequence  of 
the  general  equations  of  motion  of  a  viscous 
fluid,  according  to  which  there  are  no  losses 
inside  the  fluid  where  there  are  no  vortices.1 
For  the  general  analysis  of  the  fluid  resist¬ 
ance  phenomenon  we  will  place  ourselves  in 
ideal  limiting  conditions  and  replace  the 
effective  relative  stream  running  on  the 
body  by  a  conventional  relative  stream,  but 
the  conventional  relative  stream  will  be  fully 


so  defined  that  in  relation  to  the  fluid  resistance 
equivalent  to  the  effective  relative  stream. 

We  will  first  assume  that  in  each  cross  section  normal  to  the  plane  of  symmetry  of  our  body 
the  velocity  of  the  conventional  relative  stream  is  constant.  In  such  conditions,  to  take 
account  of  the  change  in  the  distribution  of  the  velocities  in  the  general  stream  which  are  pro¬ 
duced  by  the  presence  of  the  body,  we  must  consider  our  conventional  relative  stream  as  limited 
by  surfaces  of  discontinuity  outside  which  the  general  stream  velocity  is  unmodified,  but  inside 
which  the  velocity,  being  constant  in  each  cross  section,  is  different  from  the  outside  velocity. 
(See  fig.  25.)  These  surfaces  of  discontinuity  must  thus  necessarily  be  constituted  by  vortex 
sheets.  On  the  other  hand,  as  we  must  also  conceive  the  fluid  as  adhering  to  the  surface  of  the 
body — a  fact  to  which  seem  to  lead  Zahm’s  2  experiments  on  skin  friction,  which  have  shown 
its  independence  of  the  state  of  the  body’s  surface — we  must  consider  the  surface  of  the  body 
as  covered  by  a  vortex  sheet  in  which  gliding  of  the  fluid  takes  place,  the  relative  velocity  at 
the  surface  of  the  body  being  equal  to  zero.  We  thus  see  that  in  our  conception  of  the  flow 
phenomenon  around  the  body  the  vortices  instead  of  being  spread  in  a  certain  way  inside  the 

*  According  to  Lamb,  “Treatise  on  the  Mathematical  Theory  of  the  Motion  of  Fluids,”  the  dissipation  of  energy  inside  a  fluid  mass  is  given 
by  the  general  expression 


-J/J 


(ux’+My5 +<■>,*)  dx  dy  dz 


which  is  equal  to  zero  for  ux—  «,=*0 

» “Atmospheric  Friction  on  Even  Surfaces,”  Philosophical  Magazine,  July,  1904. 
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fluid  have  to  be  conceived  as  concentrated  on  the  surface  of  the  body  and  on  the  boundary  of 
the  conventional  relative  stream.  (See  fig.  25.) 

Let  us  consider  now  two  cross  sections,  I  and  II,  of  the  relative  stream  running  on  the 
body.  Both  cross  sections  are  considered  immobile  relative  to  the  body  and  are  taken  normal 
to  the  stream.  Section  I,  of  conventional  height  h0,  is  taken  before  the  body  at  a  distance  not 
reached  by  the  disturbance  created  by  the  body  in  the  fluid.  The  relative  velocity  and  the 
pressure  in  that  section,  uniform  in  the  whole  section,  are  designated  by  p0  and  -  F0,  this  last 
velocity  being  equal  in  magnitude  to  the  velocity  of  the  body,  but  having  an  inverse  sense. 
The  Section  II  is  taken  behind  the  body;  p  and  —  V  are  the  uniform  pressure  and  relative 
velocity  in  that  section.  The  absolute  velocity  w  of  the  stream  behind  the  body  is  equal  to 

(1)  w=-V-(-V0)=V0-V. 

The  velocity  w  is  nothing  but  the  mean  velocity  of  the  wake  behind  the  body. 


JI  tr-° 

Fig.  25. 


Let  us  designate  by  C  the  value  of  the  Bernouilli  constant  corresponding  to  Section  I. 
According  to  Bernouilli’s  theorem  we  must  have 

8V2 

(2)  Po+^f-C. 

Let  us  follow  from  Section  I  to  section  II  a  stream  line  in  the  relative  motion  of  the  fluid 
toward  the  body.  Starting  from  the  values  pQ  and  VQ  in  Section  I,  pressure  and  velocity  will 
vary  along  the  stream  line.  When  we  pass  by  the  body,  the  velocity  will  be  increased  and 
the  pressure  decreased.  Behind  the  body  the  velocity  will  drop  and  the  pressure  increase, 
and  when  we  reach  Section  II  we  shall  find  there  a  pressure  p  and  a  velocity  —  V  connected  by 
the  relation: 

(3)  p+°-~=C-AO, 

where  A  <7  is  the  drop  in  the  Bernouilli  constant,  which  occurs  when  we  go  from  Section  I  to 
Section  II.  In  reality  this  drop  is  due  to  the  losses  taking  place  at  the  surface  of  the  body  by 
skin  friction  and  inside  the  fluid  by  viscosity,  which  losses,  in  our  limited  conception,  are  assumed 
to  be  concentrated  on  the  boundaries  of  our  conventional  stream.  Subtracting  equation  (4) 
from  equation  (3),  we  obtain  the  relation  connecting  pQ  and  V0  in  Section  I  with  p  and  V  in 
Section  II. 

(4)  p0-p+l(vS-V^=LC. 

Let  us  designate  by  II  the  whole  amount  of  work  done  by  the  forces  of  viscosity  inside 
the  fluid  between  the  Sections  I  and  II.  We  can  always  consider  this  interior  work  referred 
to  the  velocity  V0  in  Section  I  and  consequently  write 

(5)  n  -FV0, 
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where  F  is  a  fictitious  force,  which  we  call  the  dissipative  force  and  which  corresponds  to  the 
interior  work  done  between  the  Sections  I  and  II  and  referred  to  the  velocity  V0.  By  its  direct 
meaning,  A  (7  is  the  interior  work  by  unit  of  volume  of  the  relative  flow  crossing  the  two  sec¬ 
tions  I  and  II  in  a  second,  which  volume,  counted  per  unit  of  length  of  the  body,  as  a  conse¬ 
quence  of  continuity,  is  equal  to  either  of  the  two  expressions 

(6)  h0V0  =  hV, 


when  one  neglects  the  very  small  density  variations.  We  thus  have 


(7) 
or 

(8) 


n  _:FVq__f 

K  Vo  K  Vq  ho 

F=h0AC. 


The  general  picture  of  the  flow  around  the  body  begins  now  to  appear  more  clearly.  Outside 
the  boundaries  SS  and  S'S'  of  our  conventional  relative  stream  (see  fig.  25),  as  we  consider 
the  fluid  unaffected  by  the  motion  of  the  body,  we  thus  have  the  uniform  pressure  pQ ;  and  in 
the  absolute  motion  the  fluid  is  immobile,  so  that  in  Section  II  from  outside  to  inside  we  have 
a  difference  of  pressures  p0~p  and  a  difference  of  velocities  w  =  V0  —  V,  maintained  by  the 
conventional  boundaries  SS  and  S'S',  which  are  vortex  sheets. 

Let  us  now  apply  the  theorem  of  momentum  to  the  fluid  mass  contained  between  the  body 
considered,  the  vortex  sheets  SS  and  S'S',  and  the  Sections  I  and  II  and  included  between 
two  planes  normal  to  the  body  at  a  unit  distance  from  one  another.  Let  us  designate  by  Rx  = 
kxSb  V02  the  drag  of  the  body  counted  per  unit  of  length,  b  being  a  linear  dimension  of  the  body. 
This  drag  constitutes,  in  our  case,  the  resultant  of  all  the  forces  acting  on  the  surface  of  the 
body.  It  will  be  easy  to  see  that  we  have 

(9)  8h0  V2  -8hV2  +  h  ( p0  -p)=  Jcx8b  V0 2  (* ) 


This  last  relation  in  connection  with  the  relations 


(P.-p)  +  |0V-F>)=Atf=£ 


vx=vh 


(10) 
and 
(11) 

gives  thus  three  equations  connecting  the  pressure  p,  the  velocity  V  and  height  h  in  the  section 
II  with  the  corresponding  quantities  p0,  V0,  and  h0  in  the  section  I.  From  all  these  quantities 
the  only  ones  to  be  considered  as  known  in  our  problem  are  p0  and  V0. 

It  is  easy  to  show  that  when  the  section  II  is  considered  taken  at  such  a  distance  from  the 
body  that  either  p  =  p0  or  V=  V0,  we  will  have  very  approximately 

(12)  Fo*Jcx8b  V02 

That  is,  the  dissipative  force  equals  the  drag. 

For  when  V—  V0,  which  brings  with  it  h  =  h0,  we  have 


(13) 

and  when  p=*p0,  then 

(14) 


F= h0 (p0  —  p)=h ( p0  -p)=  Jcx8b  F02 


f=%K(v02-v2) 

=h0  v2  -  h0  V2 + h0  v02  -  h0  v02 

Z  Z  Z  Z 


=  ~h  V2 
2#(/0  v  0 


hv*( 


hn  ,  h„V2 


=  8h0V02  —  ~hV2 


2 

5 

2 


’  + 


0  r  0 

hV2 


(M) 


) 


*  To  find  the  resultant  of  the  outside  pressure  on  the  boundary  of  the  portion  of  the  relative  stream  considered,  it  is  sufficient  to  conceive  the 
pressure  p»  added  and  subtracted  in  the  section  II.  We  then  will  have  a  uniform  pressure  p»  on  all  the  boundary  surface,  whose  resultant  is  zero, 
and  the  pressure  h  (p«-p)  in  the  section  II,  which  quantity  constitutes  the  resultant  pressure. 


AN  INTRODUCTION  TO  THE  LAWS  OF  AIR  RESISTANCE  OF  AEROFOILS. 


113 


But,  as  will  be  seen  in  the  following,  when  kx  is  a  small  quantity,  the  difference  between  h0)  h, 
and  F0,  V  in  case  of  p  =  p0  is  negligible,  so  that 

(15)  FsxS\  V2  —  8hV2  =  Jcx8b  V0 2 

In  the  general  case 

(16)  F<Jcx8bV 2 

The  relations  (15)  and  (16)  lead  us  to  make  the  assumption  that  the  dissipative  force  can 
be  considered  as  having  the  form 

(17)  F=f8bV02 

where  /  is  a  characteristic  coefficient  depending  upon  the  form  of  the  body  and  the  properties 
of  the  fluid  and  the  position  of  section  II.  In  the  case  of  p  =  p0  or  V=V0  we  have 

f  =  K 

But  in  the  general  case  we  will  have 

f<K 

The  inferior  limit  for  /  is  determined  by  the  skin  friction  at  the  surface  of  the  body.1 

All  the  foregoing  constitutes,  so  to  speak,  a  limited  scheme  of  the  fluid  resistance  phenom¬ 
enon,  but  one  which  gives  a  complete  picture  of  the  relations  occurring.  Let  us  examine  the 
connection  between  our  scheme  and  reality. 

In  the  relative  flow  around  a  body,  the  observed  velocities  in  a  section  such  as  section  I 
are  uniform  when  the  section  is  taken  at  a  sufficient  distance  from  the  body,  but  in  a  section 
such  as  II  the  uniformity  of  velocity  is  generally  not  observed.  This  last  fact  does  not  consti¬ 
tute  an  essential  difference,  because  we  can  always  conceive  the  velocity  V  as  a  certain  mean 
value  of  the  real  velocities. 

Much  more  essential  is  the  question  of  the  practical  possibility  of  the  existence  of  the 
vortex  sheets  at  the  surface  of  the  body  and  on  the  boundary  of  the  stream.  It  has  been 
pointed  out  by  many  investigators  that  vortex  sheets  in  viscous  fluids  must  be  considered  as 
unstable.2  Experiments  performed  on  the  observation  of  the  flow  around  bodies,  although 
not  very  numerous,  have  already  given  valuable  indications.3  For  relative  flow  velocities 
having  a  sufficient  value,  the  vortex  sheet  covering  the  surface  of  the  body  always  passes  over 
into  a  system  of  vortices  in  quincunx.  This  last  fact  was  first  fully  understood  by  Karman, 
who  also  indicated  the  reason  why  we  get  the  quincunx  vortex  system.  Karman’s  investiga¬ 
tions  of  the  quincunx  vortex  system  have  shown  that  this  system  is  stable.  The  edge  vor¬ 
tices  above  mentioned  are  nothing  else  than  the  vortices  in  quincunx  into  which  the  vortex 
sheet  covering  the  surface  of  the  body  passes.  For  low  velocities  we  also  have  in  all  prob¬ 
ability  a  tendency  toward  the  formation  of  the  vortices  in  quincunx,  but  the  energy  in  the 
wake  being  small,  the  energy  of  the  beginning  vortices  is  dissipated  before  their  complete  for¬ 
mation.  The  motion  which  is  established  must  be  a  kind  of  turbulence  which  distributes 
inside  the  fluid  the  vortex  sheets  covering  the  surface  of  the  body.  The  mechanism  of  this 
distribution  is  in  all  probability  the  following:  We  either  have  a  direct,  irregular,  and  periodical 
transformation  of  the  surface  vortex  sheet  in  quincunx  vortices,  dissipated  before  full  forma¬ 
tion,  reformation  of  the  surface  vortex  sheet,  and  so  on;  or  we  have  a  periodical  irregular  for¬ 
mation  of  the  surface  of  discontinuity  established  in  the  Kirchhoff-Lord  Raleigh  theory. 
These  surfaces  of  discontinuity,  which  must  necessarily  be  vortex  sheets,  can  appear  as  inside 
boundaries  of  the  relative  motion,  only  as  momentary  phenomenon.  At  such  a  moment  the 
flow  appears  as  represented  in  figure  26.  But  these  surfaces,  being  unstable,  quickly  disappear 
and  the  vortex  intensity  concentrated  in  them  is  dissipated  before  the  formation  of  a  definite 

*  It  must  be  remarked  that  the  calculation  of  the  resultant  skin  friction  at  the  surface  of  a  body  often  presents  some  ambiguity,  the  exact  dis¬ 
tribution  of  the  velocity  at  the  surface  of  the  body  having  to  be  known. 

•See  H.  Poincare,  "Theories  des  Tourbillons,”  p.  174,  §  142;  A.  B.  Basset,  "A  Treatise  on  Hydrodynamics,"  Volume  II,  p. 309;  and  C.  Schaefer, 
“  Einfiihrung  in  die  Theoretische  Physik,”  Band  I,  p.  896,  5  199. 

*  For  a  review  of  these  observations  see  W.  L.  Cowley  and  H.  Levy,  “Aeronautics  in  Theory  and  Experiment,”  Chap.  II. 

167080— S.  Doc.  307,  65-3 - 8 
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kind  of  vortex  motion.  Such  irregular,  unstable,  periodical  process,  affected  by  the  smallest 
perturbation,  spreads  the  surface  vortices  in  the  fluid. 

In  whole  probability  all  the  observations  made  upon  the  vortex  sheets  surrounding  the 
body  apply  also  to  the  vortex  sheets  SS  and  S'S',  constituting  the  outside  boundaries  of  our 
conventional  relative  stream.  For  small  relative  flow  velocities,  those  vortex  sheets  are  in  a 
certain  way  distributed  in  the  fluid;  but  for  greater  velocities  it  is  possible  that  they  go  over  into 
the  stable  system  of  vortices  in  quincunx.  We  thus  see  that  behind  a  body  moving  in  a  fluid 
we  shall  have,  in  general,  a  periodical  fluid  motion.  I  shall  call  'primary  or  fundamental  wave  the 
fluid  motion  generated  by  the  formation  of  quincunx  vortices  from  the  vortex  sheets  limiting  the 


jr 


(T-o 


Fig.  26. 


relative  stream  boundaries  from  the  outside,  and  secondary  wave  the  fluid  motion  generated  by 
the  formation  of  quincunx  vortices  from  the  vortex  sheets  limiting  the  inside  relative  stream 
boundaries.  Both  fundamental  and  secondary  waves  will  be  considered  in  more  detail  in  the 
following.  The  possibility  for  the  existence  of  the  fundamental  wave  will  appear  with  still 
more  evidence  from  the  general  examination  of  the  flo’w  around  an  aerofoil,  to  which  we  shall 
now  pass. 

The  same  scheme  which  we  have  developed  for  a  symmetrical  body  can  be  applied  to  an 
asymmetrical  body  like  an  aerofoil.  All  that  has  been  said  relative  a  symmetrical  body  has  to 

-<?> 


be  directly  transferred  to  the  aerofoil.  The  difference  will  consist  in  the  fact  that,  as  the  aerofoil 
has  a  lift  component  due  to  the  fluid,  there  must  be  a  fluid  momentum  corresponding  to  that 
lift.  That  is  to  say,  the  relative  flow  behind  the  aerofoil  must  be  deflected  downward.  The 
schematical  flow  around  an  aerofoil  is  represented  in  figure  27.  Let  us  now  imagine  for  one 
moment  the  aerofoil  immobile  and  the  stream  running  on  it  with  the  velocity  V0.  The  fluid 
velocity  outside  the  stream  boundaries  SS  and  S'S'  will  also  be  V0.  In  such  a  condition  it  is 
easy  to  see  that  there  will  be  a  tendency  to  straighten  the  deflected  stream  by  the  outside 
stream.  If  we  assume  the  possibility  for  the  stream  between  the  boundaries  SS  and  S'S'  to 
become  horizontal  after  section  II,  the  application  of  the  momentum  theorem  for  the  lift, 
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between  two  sections  such  as  I  and  II,  will  show  an  increased  pressure  p2  above  and  a  decreased 
pressure  px  below.  In  such  a  condition  it  would  be  difficult  to  imagine  how  the  theorem  of 
moments  of  momentum  applied  to  the  stream  portion  between  SS  and  S'S'  on  one  side  and  I 
and  II  on  the  other  side  could  be  satisfied.  Such  a  flow  appears  impossible,  and  it  is  easy  to 
see  that,  after  its  downward  deflection,  the  stream,  by  the  difference  of  pressure  (p2~Pi)  must 
necessarily  be  deflected  upwards.  It  thus  becomes  evident  that  behind  an  aerofoil  we  have 
a  wave  motion  of  the  relative  stream.  The  instability  of  the  vortex  boundary  sheets  SS  and 
S'S'  also  lead  to  this  conclusion.  The  wave  motion  which  is  to  be  expected  is  represented 
schematically  in  figure  28.  It  is  sufficient  to  look  at  this  last  figure  to  see  at  once  that  the 
wave  motion  obtained  is  governed  by  a  system  of  vortices  in  quincunx,  rotating  in  one  sense 
for  the  upper  row  and  in  an  inverse  sense  for  the  lower  row.  We  thus  see  that  behind  the 
aerofoil  we  can  expect  to  see  the  phenomenon  of  the  fundamental  wave  mentioned  in  the 
foregoing. 

The  phenomenon  of  the  secondary  wave  can  also  take  the  place  for  the  aerofoil. 

We  are  thus  brought  to  the  conclusion  that  a  simple  deflection  of  the  relative  stream  behind 
the  aerofoil  is  not  to  be  expected.  Nevertheless,  the  preliminary  study  of  the  stream  deflection 
behind  an  aerofoil  is  of  interest  for  the  following  reason. 


Let  us  consider  an  aerofoil  II  disposed  in  the  wake  of  another  I.  This  aerofoil  II  will 
then  be  submitted  to  a  periodical  stream.  Let  us  assume  for  simplicity  that  both  the  magnitude 
of  the  velocity  V  of  the  flow  running  on  the  aerofoil  II  and  the  angle  of  attack  i  vary  according 
to  sinusoidal  laws,  so  that  as  a  first  approximation  we  consider 


2t 


2tt 


V=  V0+v  sin-7pt  ;  i  =  i0  —  j  sin^-  t 


T  being  the  period,  v  and  j  the  amplitudes  of  variation  of  V  and  i,  t  the  variable  time.  The 
difference  of  sign  in  the  above  expression  denotes  the  fact  that  the  velocity  V  is  assumed 
increasing  when  the  angle  of  attack  decreases,  and  vice  versa.  We  shall  also  assume  that  for 
the  instantaneous  values  of  V  and  i  the  resultant  air-resistance  R  of  the  aerofoil  II  can  be 
expressed  by  the  formula: 


R=  KAVH  =  \VH 


writing  KA  =  \.  Let  us  now,  under  these  assumptions,  calculate  the  mean  value  Rm  of  R. 
We  have 

T 


R. 


m 


=  p  j  ^  X  ^  V0  +  v  sin  yprt')  (i0  -  j  sin  t  ^ 


XF^°  J 


T 

dt  -f- 


\F02(2  viQ-jVc 


a/:- 


2  7T 

sin  pr  t  dt  + 


\v  (vi0  -  2jV0)  CT  .  2tt  .7,  _  \jv 


•s 


sin"  -j,  tdt 


1  CT  .  ,  2tt 
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As  is  well  known,  the  integrals  of  the  odd  exponents  of  the  Sine  are  equal  to  zero,  and 

\J 

So  that  we  finally  get 

Rm  —  X  V0*(i0  —  ^y-  ^  -f- 

For  small  values  of  v  the  term  ^  \vH0  can  be  neglected,  and  thus 

and  we  are  brought  to  the  following  conclusion:  It  is  easy  to  represent  such  a  periodical  flow 
that  an  aerofoil  disposed  in  it  will  show,  for  the  mean  value  of  the  air  resistance,  an  apparent 
decrease  of  the  angle  of  attack.  The  aerofoil  will  thus  appear  as  if  placed  in  a  downward 
deflected  stream.  The  study  of  the  apparent  stream  deflection  behind  the  aerofoil  is  thus 
justified. 


The  apparent  stream  deflection.— If  we  make  the  assumption  that  all  the  lift  of  an 
aerofoil  is  due  to  the  momentum  created  by  the  deflection  of  the  stream  downward,  the  angle  of 
deflection  of  the  stream  can  be  easily  calculated.  This  calculation  will  also  give  us  a  mean 
value  of  the  height  of  the  stream  disturbed  by  the  presence  of  an  aerofoil  in  the  fluid. 

Let  us  consider  a  unit  of  length  of  an  aerofoil  and  draw  around  it  a  contour  a,  b,  c,  d  defined 
as  follows  (see  fig.  29) : 

The  side  ab  of  the  contour  is  a  plane  cross  section  of  the  stream  taken  at  such  a  distance 
before  the  aerofoil  that  the  flow  in  that  section  is  not  disturbed  by  the  presence  of  the  aerofoil. 
It  is  the  cross  section  I  of  the  relative  stream.  The  two  sides  ac  and  bd  of  our  contour  are 
taken  along  two  stream  lines  at  such  a  distance  that  the  local  phenomena  created  by  the  presence 
of  the  aerofoil  in  the  fluid  do  not  reach  them,  and  that  the  pressure  on  these  two  stream  fines  is 
equal  to  the  outside  pressure.  At  the  end,  the  side  cd,  constituting  the  section  II  of  the  relative 
stream,  is  a  plane  cross  section  taken  at  such  a  place  that  the  velocity  of  the  stream  has  nearly 
taken  its  original  value  and  the  pressure  has  also  nearly  reached  its  original  value.  These 
last  assumptions  are  only  a  certain  approximation.  Let  us  now  calculate  the  increments  of 
the  components  of  the  momentum  of  the  fluid  running  out  of  this  contour  for  a  unit  of  length 
of  the  aerofoil,  along  the  velocity  and  along  the  normal  to  the  velocity. 

It  is  easy  to  see  that  the  increment  of  the  components  of  the  fluid  momentum  along  the 
velocity  is  equal  to 

hbV2 —  TlbV2 COS  a  =  /i5P(l  —COS  a) 

and  that  the  increment  of  the  components  of  the  fluid  momentum  along  the  normal  to  the 
velocity  is  equal  to 


T^Psin  a 
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As  these  two  components  of  the  momentum  must  be  equal  to  the  two  components  of  the 
fluid  pressure  on  our  aerofoil,  we  must  have 

(18)  Rx  =  lcx8bV2  =  Ji8V2(\  —  cos  a) 

(19)  Rv  =  ky8b  T 72  =  Pain  « 


where  b  is  the  breadth  of  the  aerofoil  and  8  the  air  mass  density, 
follows  that 

kzb  —  h(l  —  cos  a)  ;  kvb  —  h  sin  a 

kx  _  1  —  cos  a  a 
kv  ~  sin  a  ~  ^  2 

but,  as  we  have 


we  easily  get  the  value  of 

(20) 


sin  a  = 


2tgi 

1  +  tg2a 
2 


qfez 


sin  a  — 


b  2 

1+rS 

lCy2 


2  kx  ky 
kx2  +  ky2 


From  the  last  relations  it 


Having  the  value  of  sin  a  we  easily  get  the  value  of  the  stream  height  disturbed  by  the  aerofoil: 


(21) 


/  k  2\ 

-h±-blc,\1+k})_  Hkl+M 

sin  a  2kx  2 kx 


For  small  values  of  the  angle  a  and  negligible  values  of  k2,  we  can  write 

(22) 

(23) 

The  value  of  these  formulas,  the  deduction  of  which  is  only  based  on  certain  assumptions, 
lies  in  the  fact  that  they  indicate  from  which  quantity  depends  the  apparent  angle  of  deflec¬ 
tion  of  the  stream  and  the  height  of  the  fluid  stream  disturbed  by  the  presence  of  the  aerofoil. 
Further,  these  formulas  give  values  for  both  quantities  of  the  order  of  magnitude  as  obtained 
from  experiment.1 

The  formula  (22)  is  capable  of  an  interesting  geometrical  interpretation.  If  we  draw  a 
plane  normal  to  the  resultant  air  resistance  R,  we  then  see  that  the  stream  is,  so  to  speak, 
reflected  on  this  plane.  (See  fig.  30.) 

From  these  very  simple  considerations  we  see  that  the  conceptions  developed  in  turbine 
theory,  where  it  has  been  assumed  that  the  fluid  runs  off  from  a  turbine  wing  in  the  direction 
of  the  tangent  to  its  trailing  edge,  are  absolutely  inadmissable.  The  apparent  direction  of  the 
stream  behind  an  aerofoil  or  a  turbine  wing  depends  not  only  upon  the  direction  of  the  tangent 

1  For  example,  let  us  take  (the  units  used  being  m.,  kg.,  and  sec.) 

1*6® 

fc  M  Ki  1/200-6^. 
y=  5  *  S  “  i 
Jfc^fcy-1/16 

we  then  have  • 

A  2 kx  ,  kx  i-1116 

ky 

s  quantity  which  is  of  the  order  of  what  experience  with  biplanes  indicates  to  be  negligible  influence  of  the  mutual  interference  of  the  wings. 


,2k. 


,bkyl 

2k, 
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to  the  trailing  edge  but  upon  the  form  of  all  the  parts  of  the  aerofoil  or  the  wing.  The  general 
results  to  which  we  are  brought  in  this  elementary  calculation  are  certainly  only  of  a  first  ap¬ 
proximation,  hut  they  give  a  rational  description  of  the  general  phenomena. 

We  shall  now  proceed  to  examine  the  problem  of  the  apparent  stream  deflection  behind 
the  aerofoil  to  a  second  approximation. 

When  the  stream  meets  the  aerofoil,  as  the  result  of  the  impact  which  takes  place  there 
must  be  a  certain  amount  of  energy  dissipated  inside  the  fluid.  Let  us  designate  for  the  section 
I  before  the  aerofoil,  by  p0,  V0  and  h0,  the  pressure,  the  flow  velocity  and  the  relative  stream 
height  disturbed  by  the  aerofoil,  and  by  p,  V  and  h,  the  values  of  these  same  quantities  for 
the  section  II  behind  the  aerofoil.  We  shall  apply  to  the  fluid  between  the  sections  I  and  II 
the  momentum  theorem  taking  account  of  the  dissipation  of  energy  by  two  limiting  assump¬ 
tions.  The  first  assumption  will  consist  in  considering  in  the  section  II  the  velocity  V=V0; 
the  second,  in  admitting  p  =  p0.  Under  such  conditions  the  dissipative  force  F  will  be  equal 
to  the  drag  of  the  aerofoil  for  an  angle  of  attack  equal  to  zero,  as  follows  from  the  foregoing. 
For  other  values  of  the  angle  of  attack,  the  coefficient/has  to  be  considered,  for  a  given  aerofoil, 
and  as  a  function  of  the  angle  of  attack.  In  the  case  of  V=  V0,  as  we  have  F--=h(p0  —  p),  the 
dissipative  force  F  can  be  conceived  as  applied  in  the  section  II  normally  to  that  section. 


Applying  the  momentum  theorem,  in  the  case  of  the  first  assumption,  it  is  easy  to  see  that 
we  have:  (See  fig.  27,  and  compare  with  the  similar  equations  (18)  and  (19)  ). 

(24)  Rx=lcx8bV2  =  h8V2  —  Ji8V2  cos  a-\-f8bV2  cos  a 

(25)  Ry  =  lcy8bV2  =^Ji8V2  sin  a—  f8bV2  sin  a 

which  equations  express  the  fact  that  the  drag  and  lift  are  equal  to  the  corresponding  com¬ 
ponents  of  the  variation  of  the  fluid  momentum  to  which  are  added  the  components  of  the  dis¬ 
sipative  force  F. 

Dividing  the  last  equations  by  8bV 2  we  get 

26)  Jcx  =  Ji/b  —  h/b  cos  a+f  cos  a 

(27)  Tcy=h/b  — /  sin  a 

from  which  follows 

sin  a  =  7 and  cos  a  = 

h/b-f  h/b-f 

and,  since  sin2  a-\-  cos2a  =  1,  we  have 

m-f)2=Tcy2  +  (h/b-Tcx )2 

or,  removing  the  parentheses  and  multiplying,  we  finally  find 


(28) 

or 

(29) 


Ji/b  = 


y+y-/2 

2  (kx-f) 


r_Mh?+K2-f2) 

2  Qcx-f) 
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By  aid  of  the  relation  (28)  we  find 

/,  /  h  _  f—^v2  (kx  ~ f)2 

'  J-  2 (kx-f) 

and  consequently 

2ky  (kx  —f) 

00)  8in  “=vtT t=ff 

Neglecting  the  squares  of  kx  and  /  which  are  of  the  same  order  and  very  small  quantities  for 
actual  aerofoils  and  small  angles  of  attack,  we  get 


(31) 

(32) 


bky 2 


h^_ — - 

2  (*,  -/) 

sin 


y 

In  the  case  of  the  second  assumption,  that  is,  for  p  =  and  AC=  8/2(V02  —  V2),  we  have 
(see  fig.  27  and  compare  with  the  similar  equations  (18)  and  (19)  ) 


(33) 

(34) 
or 

(35) 

(36) 


kx8bV02  =  k0b  V02  —  hb  V2COS  a 
ky  8b  V02  =  JibV2  sin.  a 

V2 

kx==lio/b  h/b  x j 3cos  cl 
*  0 

V2 

Jcy  =  7i/b  v-2sin  a 

'  O 


and  taking  account  of  the  condition  of  continuity  h0V0  =  hV we  get 


(37) 

(38) 


V 

Ao/  b  k  x  ===  kg/  b  jt-  cos  a 

'  o 

V 

ky  ==  / (  q  f  b  ^  sin  a 

Taking  into  account  the  relations  (8),  (15),  and  (16),  we  find 

V2  _  2F  _  2fb 
1  V2  ~  8h0  V2  k0  ; 


V2  b 


so  that  the  ratio  V2/V0 2  is  seen  to  be  equal  to 

(39) 

Squaring  the  relations  (37)  and  (38),  adding  them  and  substituting  in  the  last  the  foregoing 
value  of  V2i  V02,  we  find 

(40)  (h0/b-kx)2  Jrky2=  (hjb)2(l  -  2fb/h0) ; 

from  which  relation  we  directly  find 

,  .  ,  ,7  kx2+ky2 

(4D  Jl°lh~2(kx-f) 

Introducing  this  last  value  of  h0/b  in  the  equation  (38)  and  substituting  in  it  for  V/V0  its  value 
we  find 

,JrtX  •  2kyQcx~j ) _ 

(42)  8111 “  Vfc2  +V) 

Finally,  neglecting  for  reasons  already  mentioned  the  squares  of  kx  and/,  we  find 
(31) 


7  bky2 


sm 


(32) 
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If  we  now  introduce  these  last  values  of  h0  and  sin  a  in  the  equation  (38),  we  at  once  see 

that 

(43)  F^  F0  and  consequently  h~hQ 

This  shows  that  the  difference  between  h  and  hQ,  or  between  F  and  F0,  is  only  of  the  order 
of  kx2;  that  is,  of  the  second  order  compared  with  kx,  and  consequently  negligible.  We  thus 
see  that  in  the  wake  of  the  aerofoil  we  must  have  nearly  the  same  velocity  as  in  front,  but  a  decreased 
'pressure. 

All  the  foregoing  discussion  brings  us  to  the  following  important  conclusions.  Both 
assumptions  for  negligible  values  of  kx2  and/2  bring  us  to  the  same  mean  values  of  the  height 
h0  of  the  stream  disturbed  by  the  aerofoil  and  the  angle  a  of  the  apparent  stream  deflection, 
th  '  variation  in  the  magnitude  of  the  stream  velocity  and  stream  cross  section  being  of  the 
order  of  kx2,  and  therefore  negligible.  The  expressions  (31)  and  (32),  compared  with  the  cor¬ 
responding  expressions  (22)  and  (23),  give  for  the  height  h  larger  values  and  for  the  angle  a 
smaller  values. 

Let  us  now  see  how  far  the  results  of  the  foregoing  discussion  are  verified  by  experiment. 
In  his  “  Nouvelles  recherches  sur  la  resistance  de  I’air  et  V aviation,”  G.  Eiffel,  on  pages  165-170, 
gives  the  results  of  measurement  of  the  air  resistance  of  an  aerofoil  disposed  in  the  wake  of 
another.  Let  us  designate  by  I  the  aerofoil  disposed  directly  in  the  wind  stream,  and  by  II  the 
aerofoil  disposed  in  the  wake  of  I.  In  figure  31,  Z\  is  the  zero  line  of  the  first  aerofoil  and 


Fig. 31 


Zn  the  zero  line  of  the  second,  F0,  the  velocity  of  the  stream  before  the  first  aerofoil,  and  i  and 
ia  the  angles  of  attack  of  the  first  and  second  aerofoils  relative  to  the  velocity  F0.  Eiffel  shows 
that  for  the  aerofoil  II  the  air  resistance  is  such  that  the  angle  of  attack  of  that  aerofoil,  instead 
of  being  equal  to  i&,  appears  to  be  reduced  to  the  value  iT,  smaller  than  ia.  Eiffel  calls  ia  the 
“apparent”  incidence  and  v  the  “real”  incidence.  Eiffel  gives  the  corresponding  values  of 
i&  and  ir  for  different  angles  y  between  the  zero  planes  of  the  two  aerofoils;  and  these  we 
reproduce  in  the  Table  A,  only  referring  all  the  angles  to  the  corresponding  zero  lines. 

Table  A. 


Let  us  now  conceive  the  stream  velocity  behind  the  first  aerofoil  as  deflected  and  having 
the  general  direction  F.  The  angle  of  attack,  iT,  is  the  angle  between  F  and  Zu,  so  that,  if  a 
is  the  value  of  the  stream  deflection  angle,  we  must  have  (see  fig,  31) 

iA-ir  =  a 
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Tn  the  Table  A,  by  aid  of  the  values  of  iA  and  ir,  the  values  of  a  are  calculated  for  different 
values  of  the  angles  of  attack  i  of  the  aerofoil  I,  and  three  different  values  of  the  angle  y,  2°,  4°, 
and  6°,  respectively.  By  using  the  values  obtained,  in  figure  32  are  plotted  the  curves  of  a  =  f(i) 
for  the  three  values  of  7  =  2°,  4°,  6°.  It  is  easy  to  see  that  all  the  plotted  points  define  well 
enough  a  curve,  which  means  that  behind  the  aerofoil  I,  we  really  have  an  apparent  stream 
deflection  depending  only  upon  the  aerofoil  I,  and  its  angle  of  attack,  i.  The  angle  of  mutual 
inclination  of  the  two  aerofoils  has  no  influence  on  that  phenomenon,  as  ought  to  be  expected. 
The  aerofoil,  II,  has  simply  to  be  considered  as  disposed  in  a  stream  deflected  by  the  aerofoil  I, 
whose  velocity  in  magnitude  is  nearly  the  same  as  in  front  of  the  aerofoil  I.  Knowing  the  rela¬ 
tion  between  a  and  i,  we  can  easily  calculate  the  air  resistance  of  any  other  aerofoil,  as  the  aerofoil 
II,  disposed  behind  the  aerofoil  I. 


Let  us  now  calculate  according  to  these  last  data  the  values  of  the  coefficient/.  This  cal¬ 
culation  is  made  by  aid  of  the  formula  (32),  in  the  Table  B,  where  are  reproduced  all  the  data 
concerning  the  aerofoil  I,  which  are  necessary  for  that  calculation. 

Table  B. 


l 

a  radiants 

ky 

Jc* 

aky 

2 

/Ax 

5° 

2°,  5 

0,044 

0,176 

0,0182 

0,00388 

0,0144 

0,79 

8 

4.0 

0,070 

0,288 

0,0217 

0,0101 

0,0116 

0,535 

11 

5,3 

0,093 

0,383 

0,0308 

0,0178 

0.013 

0,42 

14 

6,5 

0,133 

0,475 

0,0454 

0, 0268 

0,0186 

0,41 

17 

7,5 

0,130 

0,563 

0,062 

0,0366 

0,0254 

0,41 

The  values  of  the  coefficient/ obtained  are  plotted  in  figure  32,  where,  for  comparison, 
is  also  plotted  the  curve  of  fcx.  In  the  last  column  of  the  Table  B  is  also  calculated  the  ratio 
of  /  to  fcx.  These  last  .values  are  very  suggestive.  They  show  that  the  dissipative  force  F 
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decreases  when  the  angle  of  attack  increases,  and  that  for  mean  values  of  the  last  it  is  equal 
to  nearly  one-half  of  the  drag. 

Finally  I  will  remark  that  the  energy  dissipation,  of  which  account  was  taken  in  the 
foregoing,  and  to  which  corresponds  the  dissipative  force  F,  is  that  dissipation  of  energy 
which  takes  place  in  the  immediate  neighborhood  of  the  aerofoil.  It  is  evident  that  all  the 
energy  spent  to  move  an  aerofoil  in  air  is  dissipated  in  the  surrounding  medium;  hut  one 
part  is  dissipated  in  the  direct  neighborhood  of  the  aerofoil  and  corresponds  to  skin  friction 
and  turbulence  connected  with  it,  which  we  evaluate  by  FV0;  and  another  part  is  dissipated 
by  the  oscillatory  motion  of  the  air  left  behind  the  aerofoil — that  is,  by  the  damping  through 
viscosity  of  the  fundamental  and  secondary  waves  created. 

The  experimental  study  of  the  apparent  stream  deflection  behind  the  aerofoil  in  the 

light  of  the  ideas  here  developed  is  very  important  for  many 
problems  connected  with  the  design  of  airplanes,  propeller,  and 
turbines.  It  must,  however,  he  remembered  that  we  have  to  do 
only  with  an  apparent  stream  deflection,  the  real  motion  of  the 
fluid  behind  an  aerofoil  or  turbine  wing  being  generally  periodical. 

Short  review  of  some  propositions  on  vortices. — Before 
proceeding  to  examine  the  question  of  the  tip  vortices  and  the 
fundamental  and  secondary  wave,  I  shall  state  briefly  some  well- 
known  propositions  on  vortices  in  general. 

Let  us  consider  a  small  circle  of  radius  r  rotating  in  its  plane 
with  an  angular  velocity  to.  Each  part  of  the  contour  of  this 
circle  has  a  velocity  equal  to  rco.  If  we  now  calculate  for  the 
contour  of  the  circle,  the  quantity  which  in  hydrodynamics  is 
called  the  circulation — that  is,  the  integral  of  the  velocity  v  along 
the  contour  of  the  circle — we  find  (see  fig.  33) 


(44) 

or 


1=  jdl=  J  rwrd<p=  2irr2u  =  2wda 


(45) 


CO 


I 

2d  a 


where  I  is  the  circulation  along  the  contour  of  the  circle  and  da  the  area  of  the  small  circle. 
We  therefore  see  that  the  angular  velocity  co  of  a  rotating  circle  is  equal  to  the  circulation  I 
divided  by  the  double  of  the  surface  of  the  circle. 

Let  us  now  consider  a  fluid  element  having  the  velocity  ( u ,  v,  w )  at  a  point  ( x ,  y,  z )  in  a 
moving  fluid  mass.  Let  us  draw  through  this  point  the  axes  X,  Y,  Z  parallel  to  a  system  of 
triorthogonal  immobile  axes  and  calculate  the  circulation  along  an  elementary  contour  with 
sides  equal  to  dx  and  dy,  as  shown  in  figure  34.  We  have 


dl  =  udx  +  (v  +  ^  dx^y  —  (u  +  dy ^  dx  —  vdy  = 


dv 

dx 


The  quantity 
(46) 


/ dv _ du\  _  _dl_ 

^  \dx  by  )  2 dxdy  ~~ Wz 


which  we  designate  by  w2  is  called  the  component  of  the  vortex  with  reference  to  the  Z  axis. 
(Compare formula  (45).)  In  a  similar  manner 


.  / div  dv\  .  (du  dw\ 

are  the  vortex  components  with  reference  to  the  X  and  Y  axes.  We  have 

W2  =  0)x2  +  Uy2  -f  Wz2 
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The  doubles  of  the  vortex  components  2coz,  2uv,  2wz  are  the  determinants  of  the  matrix. 


d 

b 

A  i 

dx 

by 

bz 

u 

V 

w 

2cox 

2co?/ 

2  uz 

As  a  consequence  of  continuity,  the  following  proposition  holds  for  vortices : 

If  we  have  a  vortex  motion  at  one  point  of  a  fluid,  we  must  necessarily  have  vortex  motion 
at  all  the  points  of  a  line  going  through  that  point.  Such  a  line  of  small  cross  section  da  at  each 
point  of  which  the  vortex  has  a  finite  value  is  called  a  vortex  filament.  The  quantity 

(47)  2w  da  =  I 

is  called  the  intensity  of  the  vortex  filament.  A  vortex  filament  can  never  begin  or  end  in  a 
fluid.  It  must  be  a  closed  contour  or  have  its  ends  on  the  boundary  surface  of  the  fluid.  The 
cross  section  of  a  vortex  filament  can  be  variable,  but  its  intensity  is  always  constant  along  the 
whole  filament — that  is  to  say,  for  a  vortex  filament,  we  have 

2co  da  =  Const. 


The  vortex  filament  is  always  constituted  of  the  same  fluid  particles — that  is,  the  vortex  filament 
moves  with  the  fluid.  A  system  of  vortex  filaments  disposed  close  together  form  a  vortex 
tube. 

Let  us  consider  a  fluid  mass  in  motion  with  a  vortex  filament  in  it,  and  let  us  draw  a  surface 
across  the  fluid  and  take  a  contour  on  that  surface.  The  circulation  along  the  contour  is  equal 
to  twice  the  sum  of  the  elements  of  the  surface  multiplied  by  the  components,  along  the  corre¬ 
sponding  normal  to  the  surface,  of  the  vortices  on  that  surface.  (See  fig.  35.) 


(48) 


7= 


J  Vds  =  2 


where  con  is  the  vortex  component  normal  to  the  considered  surface.  This  last  relation  con¬ 
stitutes  Stokes’s  theorem.  In  the  application  of  this  theorem  two  cases  have  to  be  distinguished. 
If  the  contour,  by  progressive  shrinking,  can  be  reduced  to  a  point  without  leaving  the  fluid, 
the  space  occupied  by  the  fluid  is  said  to  be  “simply  connected.”  If,  inside  the  space  occupied 
by  the  fluid,  we  have  solid  bodies  or  holes  crossing  the  fluid  mass,  not  every  contour  in  the 
fluid  can  be  reduced,  by  shrinking,  to  a  point;  and  the  space  containing  the  fluid  is  said  to  be 
“not  simply  connected.”  In  a  simply  connected  space,  if  the  circulation  along  the  contour 
has  a  finite  value  it  means  that  vortices  are  crossing  the  inside  of  the  contour  and  the  double 
of  the  sum  of  the  components  of  the  vortices  normal  to  a  surface  containing  that  contour  multi¬ 
plied  by  the  corresponding  elements  of  the  surface  is  equal  to  the  circulation  along  that  con¬ 
tour.  In  a  not  simply  connected  space  a  finite  value  of  the  circulation  can  also  mean  that  solid 
bodies  or  holes  are  crossing  the  inside  of  the  contour. 

In  a  fluid  mass  in  motioa  with  vortices  in  it,  the  velocity  at  each  point  depends  upon  the 
distribution  of  the  vortices.  Each  element  of  each  vortex  contributes  to  the  velocity  at  each 
point.  The  components  of  the  velocity  at  a  point  due  to  a  vortex  element  ds  of  a  vortex  fila¬ 
ment-  of  intensity  I  is  equal  to  (see  fig.  361 


(49) 


du  = 


I  ds  Sin  cp 
4  irr2 


where  r  is  the  distance  between  the  point  considered  and  the  vortex  element,  and  <p  is  the  angle 
between  ds  and  r.  The  direction  of  the  velocity  du  is  normal  to  the  plane  containing  r  and  ds 
and  has  the  sense  of  the  rotation  around  ds  in  the  sense  of  the  vortex.  The  velocity  at  a  point 
is  the  geometrical  sum  of  the  velocity  components  due  to  all  the  elements  of  the  vortices  con¬ 
tained  in  the  fluid. 

In  the  case  of  one  single  rectilinear  vortex  filament  in  an  infinite  fluid  mass,  by  reason  of 
symmetry  the  velocity  is  the  same  for  all  the  points  at  the  same  distance  from  the  vortex  If 
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we  therefore  calculate  the  circulation  along  a  circle  contained  in  a  plane  normal  to  the  vortex, 
and  having  its  center  on  the  vortex,  we  get 


so  that 
(50) 


I  =  2(ado  =  2tcw 


I 


V 


2-kt 


That  is  to  say,  the  fluid  velocity  for  points  around  a  straight  vortex  filament  is  equal  to  the 
intensity  I  of  the  vortex  divided  by  2tt  times  the  distance  r  from  the  point  considered  to  the 
vortex.  The  vortex  itself  does  not  move. 

Let  us  consider  now  the  case  of  two  straight  parallel  and  infinite  vortices  of  equal  intensity 
/  rotating  in  inverse  senses  and  contained  in  an  infinite  fluid  mass.  In  figure  37  the  vortices 
are  represented  in  cross  section  and  in  plane,  and  L  is  the  distance  between  the  vortices.  We 
will  refer  the  vortices  to  a  system  of  triorthogonal  axes  X,  Y,  Z  as  shown  in  figure  37,  the  origin 
being  in  the  middle  between  the  vortices  and  the  Z  axis  being  perpendicular  to  the  plane  con¬ 
taining  the  vortices. 

Let  us  first  calculate  the  velocity  at  the  point  A,  at  the  distance  x  from  the  origin  0,  due  to 
one  of  the  vortices.  Applying  the  foregoing  formula  we  have 


u 


n+oo 

I  i  dy  s*n  V 

I  4ltt2 
kJ -oo 


and  from  figure  (31)  we  easily  see  that  we  have 

y  -=  r  cos  ( L/2  —  x)  =  r  sin  v 


from  which  follows 

and 


y 


L/2-x~Ctg(P 

dy  _  —d(p 
L/2— x~ sin  V 


Substituting  these  last  in  the  foregoing  integral  we  get 


u  = 


IT 

i  r~2 

4  t(LI2  —  x)  I 

~2 


Sill 


and  integrating  we  finally  have 


u 


4 r(L/2-x)  009  v  ~2tt(LI2-x) 


2 


Considering  x  equal  to  L/2  we  will 
which  is  equal  to 

(51) 


find  the  velocity  of  one  of  the  vortices  produced  by  the  other 


1 

2rL 


This  is  the  value  of  the  velocity  with  which  both  vortices  move  parallel  to  the  Z  axis.  For 
the  velocity  between  the  two  vortices  produced  by  both  we  will  have 


(52) 


I  I  IL 

v~2tc(L/2  -  x)  +2v(L/2  +  *)“  2z(La/4  -  x2) 
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For  points  in  the  middle  between  the  vortices  the  velocity  is  equal  to 

(53) 

ttL 

% 

For  other  points  between  the  vortices  the  velocity  follows  a  parabolic  law,  and,  as  a  first  approx¬ 
imation,  can  be  considered  as  nearly  uniform  in  the  middle  part  between  the  vortices  when  the 
cross  sections  of  the  vortices  are  small  relative  to  the  distance  between  them.  (See  fig.  37.) 
We  therefore  see  that  the  velocity  of  the  fluid  in  the  middle  between  the  vortices  is  exactly  equal 
to  four  times  the  velocity  of  the  vortices  themselves  and  that  the  velocity  of  the  fluid  between 
the  vortices  relative  to  them  is  equal  to  twice  the  velocity  of  the  vortices  themselves. 

We  have  now  all  the  necessary  references  for  the  following:1 

The  tip  vortices. — Let  us  consider  an  aerofoil  moving  with  a  constant  and  uniform 
velocity  V  in  a  fluid  mass  and  let  us  designate  by  dz  an  element  of  length  of  the  aerofoil,  z 
being  the  distance  of  the  element  of  the  aerofoil  considered  from  its  middle  cross  section.  (See 
fig.  38.)  Let  dRy  be  the  lift  corresponding  to  the  element  of  the  aerofoil  considered.  The 
quantity 

dRy 

dz 

is  the  lift  per  unit  of  length  at  the  distance  z  from  the  middle  cross  section  of  the  aerofoil. 
According  to  Kutta’s  theorem  (see  Note  I)  we  must  have 

(54) 

so  that 

(55) 

is  the  value  of  the  circulation  along  such  a  contour  as  I,  embracing  the  aerofoil  at  the  cross 
section  considered.  (See  fig.  38.)  When  z  varies,  and  until  we  do  not  approach  too  near  to 
the  tips  of  the  aerofoil,  the  value  of  /  is  nearly  constant.  As  a  first  approximation  for  the 
mean  value  of  I  we  can  take 

(56)  I=TVL 

where  L  is  the  length  of  the  aerofoil.  Let  us  now  move  our  contour  to  the  tips  of  the  aerofoil, 
and  just  before  the  value  of  I  begins  to  change  we  let  the  contour  follow  the  fluid  in  its  motion. 
According  to  a  theorem  of  William  Thomson  (Lord  Kelvin),  the  circulation  along  the  contour 
moving  with  the  fluid  must  be  invariable,  so  that  when  the  contour  reaches  such  a  position  as 
II  (see  fig.  38)  the  circulation  will  have  the  same  value  as  in  the  position  I.  But  in  the  position 
II  we  have  no  solid  body  inside  the  contour,  and  consequently  we  must,  according  to  Stokes’s 
theorem,  have  a  vortex  traversing  that  contour. 

We  so  come  to  the  conclusion  that  vortices  must  necessarily  run  off  from  the  tips  of  aerofoils , 
and  that  the  mean  value  of  the  intensity  of  this  vortex  must  be 

(57)  I-Rfr-tyV 

According  to  this  statement,  the  tip  vortices  disappear  only  when  the  lift  vanishes;  that 
is  to  say,  when  the  relative  wind  blows  on  the  aerofoil  along  the  zero  plane. 

Having  established  the  value  of  the  intensity  of  the  tip  vortices,  let  us  now  consider  their 
influence  on  the  air  resistance  of  the  aerofoil.  For  the  simplicity  of  the  explanation  we  will 

1  For  more  detailed  references  on  vortices  see  the  classical  treatise  on  mechanics  by  Paul  Appell,  “Traite  de  mecanique  rationnelle,”  Tome 
III,  Chap.  XXXV,  p.  389,  and  p.  475,  5  791,  and  also  “Aeronautics  in  Theory  and  Experiment,”  by  W.  L.  Cowley  and  H.  Levy,  Chap.  III. 
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put  ourselves  in  the  simplest  case  and  will  assume  that  the  tip  vortices  are  of  small  cross  section 
compared  with  the  length  of  the  aerofoil,  so  that  they  can  be  considered  as  vortex  filaments. 

If  we  follow  an  aerofoil  moving  with  a  constant  velocity  V,  we  see  that  the  tip  vortices 
run  parallel  to  themselves,  as  should  be  the  case  for  parallel  vortices  rotating  in  inverse  senses. 
The  velocity  with  which  these  two  vortices  displace  themselves  in  the  stream,  at  a  distance 


JT 


from  the  aerofoil  where  the  influence  of  the  last  can  already  be  neglected,  is,  according  to  the 
foregoing,  equal  to 

(58)  1 


u  = 


2itL 


and  is  normal  to  the  plane  containing  the  vortices.  The  motion  of  the  fluid  between  the  two 
vortices  in  the  middle  part  relative  to  the  vortices  is  equal  to 


(59) 


2u  = 


7 tL 


So  that  the  mean  value  of  the  flow  velocity  between  the  tip  vortices  relative  to  the  aerofoil  is 
equal  to  (see  fig.  39) 

V+2u 


We  therefore  see  that  as  a  first  approximation  we  can  consider  the  tip  vortices  as  bisecting  the 
angle  which  the  mean  value  of  flow  velocity  between  them  makes  with  the  original  direction  of 
the  stream  running  on  the  aerofoil  (see  fig.  39). 
the  tip  vortices  downward  is  equal  to 


We  also  see  that  the  angle  of  deflection  of 


.  a  u 
*m2=V 


(60) 
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Substituting  the  value  of  the  velocity  u  by  its  expression  (58),  and  in  the  last  the  circulation  7 
by  its  value  (57)  we  find 


(61) 


.  a  kyb 

sm2~2ikL 


If  there  were  no  other  circumstances  producing  the  deflection  of  the  stream  downward,  this 
would  be  the  correct  mean  value  of  the  deflection  angle. 

If  now,  for  the  calculation  of  the  part  of  the  drag  due  to  the  tip  vortices,  we  should  apply 
the  momentum  theorem,  assuming  that  the  mean  value  of  the  velocity  behind  the  aerofoil  is 
as  a  first  approximation  the  resultant  of  the  velocity  V  of  the  aerofoil  and  the  velocity  2u=~ 
I/tcL,  we  would  find,  according  to  the  calculation  already  made  on  page  34.  that 


and  substituting  in  the  last  expression  the  value  of  sin 


^  given  by  (61)  we  would  get 


fcx_  SjCy 

*\/l—s2icy2 

where  by  s  we  have  designated  the  quantity 

b 

S  2  tv  L 


or,  finally, 

(62) 


S'lCx 


2 


which  expression  gives  us  a  first  approximation  to  the  value  of  the  drag  due  to  the  tip  vortices. 
If  we  compare  the  values  which  the  last  formula  gives  for  the  drag  with  those  values  which 
direct  experience  shows  for  actual  aerofoils,  it  will  be  easy  to  see  that  the  drag  of  an  aerofoil  is 
much  larger  than  that  calculated  by  the  formula  (62). 1  We  afterwards  see  that  the  value  of 
the  drag  given  by  the  formula  (62)  decreases  with  the  aspect  ratio  of  the  aerofoil  and  is  equal 
to  zero  for  an  infinite  value  of  the  aspect  ratio.  These  last  conclusions  are  very  important. 
They  first  show  us  that  that  part  of  the  drag  of  an  aerofoil  which  is  due  to  the  tip  vortices 
practically  disappears  for  a  value  of  the  aspect  ratio  greater  than  a  certain  one.  We  afterwards 
see  that  the  most  important  part  of  the  drag,  practically  the  whole,  for  a  sufficient  value  of  the 
aspect  ratio,  is  due  to  other  circumstances  than  the  tip  vortices,  which  circumstances  are,  as 
we  already  know,  on  one  hand  the  energy  dissipation  in  the  direct  neighborhood  of  the  aerofoil — 
that  is,  skin  friction  and  turbulence — and  on  the  other,  the  fundamental  and  secondary  waves. 

We  can  now  perfectly  conceive  the  importance  of  the  phenomena  which  take  place  on  the 
surface  of  contact  of  the  solid  and  fluid  bodies.  We  can  not  expect  to  be  able  to  calculate  the 
drag  of  an  aerofoil  before  these  phenomena  are  fully  understood,  as  has  been  already  stated  in 
the  preamble. 


*  The  easiest  way  to  see  it  is  the  following: 

Remarking  that  in  the  formula  (62)  s-ky*  is  a  very  small  quantity  we  can  write 


For  actual  aerofoils,  as  mean  values  we  have 


So  that 


kx/Fy  “iky" 


bky 

2r  L ' 


2x  L  5 


Ki 


b/A— 1/6;  -- — ~  0*0.2;  K- 1/200 

2x  h  o 


k-c/ky  S* 


i 

1000 


Whieh  is  out  of  proportion  with  any  observed  value  for  the  drag-lift  ratio. 
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All  this  discussion  brings  us  to  very  important  conclusions.  We  have  fully  understood 
the  influence  of  the  aspect  ratio  on  the  drag  and,  so  to  say,  the  mechanism  of  its  influence. 
When  the  aspect  ratio  increases,  the  part  of  the  drag  due  to  the  tip  vortices  practically  disap¬ 
pears,  the  influence  of  the  tip  vortices  becoming  negligible.  The  last  fact  taking  place,  the 
shape  of  the  tip  vortices  is  also  negligible.  It  follows  that  the  shape  of  the  tips  of  the  aerofoils 
has  a  negligible  influence  on  the  air  resistance  of  the  aerofoil,  if  only  the  aspect  ratio  has  a 
sufficient  value. 1 

We  can  now  formulate  the  two  following  propositions: 

1.  The  tip  vortices  have  an  influence  on  the  drag  of  the  aerofoil;  but  this  decreases  with  the 
increase  of  the  aspect  ratio  and  practically  disappears  for  a  certain  value  of  the  last. 

2.  When  the  aspect  ratio  of  an  aerofoil  has  a  sufficient  value,  the  influence  of  the  form  of  the 
tips  of  the  aerofoil  on  the  air  resistance  is  negligible. 

These  two  last  conclusions  are  in  full  agreement  with  all  experience  with  aerofoils  up  to  this 
time. 

We  have  been  able,  by  the  analysis  of  the  tip  vortices  phenomenon,  to  understand  the 
reasons  which  require  for  the  aerofoils  a  certain  value  of  the  aspect  ratio  and  have  deduced 
the  slight  influence  of  the  tip  forms  when  the  aspect  ratio  has  a  sufficient  value. 

Short  Review  of  the  Properties  of  Systems  of  Parallel  Vortex  Rows. — We  will  call 
vortex  row  a  system  of  an  infinite  number  of  infinite  rectilinear  parallel  and  equidistant  vortices 
of  infinitely  small  cross  section  and  of  strength  I  equal  in  magnitude  and  sense,  disposed  on  one 
straight  line.  We  will  give  a  short  review  of  the  properties  of  systems  of  parallel  vortex  rows, 
which  play  a  very  important  role  in  the  phenomenon  of  fluid  resistance. 

The  fluid  mass  in  which  the  infinite  parallel  rectilinear  vortices  are  considered  is  assumed  of 
infinite  dimensions  in  all  senses,  having  in  infinity  a  velocity  equal  to  zero,  or  moving  as  a  whole 
with  a  velocity  constant  in  magnitude  and  direction,  inde¬ 
pendent  of  the  motion  which  can  take  place  inside  the  fluid.  I 

We  consider  the  whole  system  of  vortices  cut  by  a  plane 
normal  to  them  and  their  mutual  positions  defined  by  the 
positions  of  their  sections  in  that  plane. 

We  will  first  consider  in  their  general  outlines  the  condi¬ 
tions  which  must  be  satisfied  by  a  system  of  infinite  parallel 
and  rectilinear  vortices  in  order  to  maintain  an  invariable 
configuration. 

In  figure  40  are  represented  the  sections  of  a  system  of 
vortices,  as  above  mentioned,  cut  by  a  plane  normal  to  them. 

The  vortices  are  assumed  to  maintain  for  one  moment  an  invariable  configuration  and  are 
referred  to  the  orthogonal  ( X ,  Y )  axes  moving  with  the  vortex  system.  Let  us  concentrate 
our  attention  on  one  of  the  vortices  of  the  system,  say  A,  with  the  coordinates  x  and  y,  and 
consider  this  vortex  A  undergoing  an  infinitely  small  displacement  8x  and  8y  relative  to  the 
other  vortices,  the  last  maintaining  their  configuration,  and  let  u  and  v  be  the  components  of  the 
velocity  of  the  vortex  A.  As  is  well  known,  u  and  v  are  the  components  of  the  velocity  pro¬ 
duced  at  the  point  x,  y  by  the  other  vortices  of  the  system.  The  displacement  of  the  vortex 
A  will  produce  the  variations  du  and  dv  of  its  velocity  components,  which  will  represent  the 
components  of  the  velocity  of  the  vortex  A  relative  to  the  other  vortices,  and  we  will  have: 

iu=bx  ix+dysy 


Fig.  40. 


j  dv  dv 

dv  =  ^~  Sx  -f  by 

dx  dy  J 


The  vortex  A  will  be  stable  for  every  virtual  displacement  ( 8x ,  by)  provided  du  and  dv,  respec- 

1  And  if  the  tips  do  not  have  any  extravagant  form  which  could  give  rise  to  additional  local  air  resistance. 

167080— S.  Doc.  307,  65-3 - 9 
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tively  have  signs  opposite  to  the  signs  of  the  displacements  8x  and  5 y.  But  it  is  easy  to  see 
that,  so  long  as 

du  du  dv  dv_ 
dx’  by’  dx’  by 


have  finite  values,  it  is  always  possible  to  imagine  a  displacement  (8x,  8y)  for  which  du  and 
dv  will  have  the  same  signs  as  8x  and  8y.  In  other  words,  a  stable  displacement  of  a  single 
rectilinear  vortex  among  others  maintaining  their  configuration  appears  as  impossible. 

But  in  the  case  of 


(63) 

we  have 


du 

dx 


0;  jp  =  0;  „ 

’by  ’  dx 


’  dy 


du  =  0;  dv  =  0 


for  all  infinitely  small  virtual  displacements  of  a  single  vortex.  Under  such  conditions  the 
vortex  considered  will  be  in  a  state  of  neutral  relative  equilibrium  among  the  other  vortices. 

As  for  the  space  between  the  vortices,  we  must  have  the  equation  of  continuity  satisfied; 
that  is, 

du  du 

dx^dy~  ’ 

as  well  as  the  vortex  intensity  equal  to  zero 

du  dv  n 
by  dx~ 


The  four  conditions  (63)  are  reduced  to  two  conditions.  It  is  thus  sufficient  to  have  two  of 
the  quantities  (63)  equal  to  zero  in  order  to  have  a  neutral  state  of  equilibrium  of  a  single  vortex. 

It  is  easy  to  see  that  the  conditions  (63)  mean  that  the  velocity  ( u ,  v)  must  have  a  maximum 
or  minimum  at  the  point  where  the  vortex  A  is  disposed. 

When  the  relations  (1)  are  satisfied,  a  small  displacement  of  the  vortex  A  does  not  produce 
a  change  of  its  velocity.  But  let  us  consider  the  influence  that  the  displacement  of  the  vortex  A 
can  have  on  the  other  vortices  of  the  system,  say  on  the  vortex  B,  for  example.  Let  us  imagine, 
first,  that  the  vortex  A  undergoes  a  displacement  8r  along  AB  only  (see  Fig.  41).  Let  I  be  the 
strength  of  the  vortex  A.  Before  its  displacement  the  vortex  A  was  producing  in  B  a  velocity 
normal  to  AB,  that  is,  to  r  and  equal  to  7/2 irr,  which,  combined  with-  the  velocities  that  the 
other  vortices  of  the  system  produce  in  B,  keep  this  vortex  in  relative  equilibrium.  After  its 
displacement,  the  displaced  vortex  A  will  produce  in  B  a  velocity  equal  to  7/2-n-  (r  +  5r).  We 
thus  see  that  we  can  consider  the  displacement  of  the  vortex  A  as  producing  in  B  an  additional 
velocity  equal  to 


(64) 


1  1 _ 7 

2-rr  (r  +  8r)  2  t r  2irr2^r 


which  is  normal  to  r  (see  Fig.  41).  In  the  same  manner  it  will  be  easily  seen  that  the  displace¬ 
ment  8n  of  A  normal  to  r  will  produce  in  B  an  additional  velocity  directed  along  r  and  equal  to 
(see  Fig.  42) 


(65) 


If  we  now  let  B  displace  itself  in  the  direction  of  the  additional  velocity  communicated  by 
the  displacement  of  A,  we  will  at  once  see  that  such  a  displacement  of  B  will  produce  in  A  the 

additional  velocities  —  *8r  along  r  —  n8n  along  the  normal  to  r  where  k  is  a  factor  of  pro¬ 

portionality,  which  will  be  exactly  inverse  to  the  displacements  8r  and  8n  when  the  two  vortices 
considered  are  of  inverse  sense  (see  Fig.  43),  and  which  will  have  the  same  senses  as  8r  and  8n 
when  the  two  vortices  considered  have  the  same  senses  (see  Fig.  44). 
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The  foregoing  preliminary  discussion  is  given  here  only  to  show  the  nature  of  the  question. 
It  will,  however,  allow  us  to  arrive  at  a  general  understanding  of  the  stability  conditions  of 
vortex  rows. 

Let  us  consider  first  one  vortex  row,  i.  e.,  all  the  vortices  in  the  same  sense  (see  Fig.  45). 
If  we  displace  one  of  the  vortices  of  the  row,  say  A,  first  to  the  position  A',  considering  the 
other  vortices  for  one  moment  immobile,  it  will  be  easy  to  see  that  in  the  position  A'  this  vortex 
will  get  from  the  other  vortices  an  additional  velocity  in  the  sense  of  the  arrow  1 .  If  we  displace 
this  same  vortex  to  the  position  A"  it  will  get  an  additional  velocity  in  the  sense  of  the  arrow  2. 
Thus  for  neither  displacement  will  there  appear  an  additional  velocity  directed  toward  the 
original  position  of  A.  If  we  now  consider  the  additional  velocities  which  the  vortex  will  receive 
from  the  displacements  of  the  other  vortices  produced  by  the  displacement  of  the  vortex  A, 
it  will  be  easily  seen  from  the  foregoing,  since  all  the  vortices  have  the  same  senses,  that  these 
additional  velocities  will  only  increase  the  original  displacement  of  the  vortex  A.  Thus  one 
vortex  row  appears  as  an  unstable  configuration. 

Let  us  now  consider  two  parallel  vortex  rows  rotating  oppositely  in  each  row.  The 
additional  velocity  given  each  displaced  vortex  will  consist  of  the  velocity  due  to  its  own  dis¬ 
placement  and  of  the  velocities  this  vortex  gets  due  to  the  displacements  of  the  other  vortices 
produced  by  its  own  displacement.  This  last  additional  velocity  which  is  caused  by  the 
vortices  of  the  same  row  as  the  vortex  considered,  has  a  destabilizing  action,  as  all  the  vortices 
of  the  same  row  rotate  in  one  sense,  but  the  additional  velocity  caused  by  the  vortices  of  the 
other  row  will  produce  a  stabilizing  action,  as  they  rotate  in  inverse  sense.  We  thus  can  conceive 


Fig.  47. 


that  two  parallel  rows  of  vortices  with  inverse  rotation  in  each  row  can  have  a  stable  configura¬ 
tion.  The  investigations  of  Karman  have  shown  that  two  parallel  rows  such  as  represented  in 
Fig.  46  can  not  be  stable,  but  two  rows  in  quincunx  as  represented  in  Fig.  47  can  be  stable  for 
a  certain  value  of  the  ratio  d/2l  =  \  of  the  distance  d  between  the  two  rows  to  the  distance  2Z 
between  the  vortices  in  each  row.  The  most  probable  value  of  X  for  a  stable  configuration  of 
two  vortex  rows  in  quincunx  seems  to  be  1 

(66)  =  0.283 

If  a  single  vortex  row  could  be  stable  it  is  easy  to  see  that  it  would  be  immobile,  because 
the  velocities  which  all  the  vortices  communicate  to  one  of  them  mutually  balance.  As  for 
a  quincunx  arrangement  of  vortex  rows,  it  is  easy  to  see  that  it  will  move  with  a  constant 
velocity  parallel  to  the  general  direction  of  the  rows  (see  Fig.  47)  because  each  vortex  of  one 
row  will  receive  no  velocity  from  the  vortices  of  the  same  row,  but  from  each  two  vortices  of 
the  other  row,  disposed  symmetrically  relative  to  the  vortex  considered,  it  will  receive  a  resultant 
velocity  directed  along  the  direction  of  the  row. 

Let  us  calculate  the  value  of  this  velocity.  For  that  purpose  let  us  first  calculate  the 
velocity  produced  by  a  single  vortex  row  in  a  point  P.  Let  us  refer  the  vortex  row 

_ A's,  A\,  Aly  A3,  A5 _ to  a  system  of  orthogonal  axes  X'O'  Y'  whose  X'  axis  is  parallel 

to  the  vortex  row  considered,  and  let  us  also  consider  the  system  of  axes  XO  Y  parallel  to  the 

i  V.  Karman  has  published  two  papers  on  that  question.  In  his  first  paper  “Uber  den  Mechanismus  des  Widerstandes,  den  ein  bewegter 
Korper  in  einer  Flussigkeit  erfahrt”  Nachrichten  von  der  Koniglicheu  Gesellschaft  der  Wissenschaften  zu  Gottingen,  1911,  p.  509,  Karman  found  for 
X  the  value  0.367.  N.  Joukowski  has  made  some  experiments  which  seem  to  verify  this  value.  See  his  “  Aerodynamique,”  Paris,  1916,  p.  205.  In 
his  second  paper  “Uber  den  Mechanismus  des  Flussigkeits  und  Luft widerstandes”  Physikalisehe  Zeitsehrift,  January  15,  1912,  Karman  finds  fo 
X  the  value  0.283  and  produces  the  results  of  experiments,  also  verifying  this  last  value.  This  question  thus  demands  further  investigations. 
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system  X'O'  Y'  but  whose  origin  0  is  midway  between  the  vortices  A\  and  A  (see  fig.  48).  Let 
(£,  7j)  be  the  coordinates  of  the  point  P  in  reference  to  the  axes  X'O'  Y'  and  ( x ,  y )  the  coor¬ 
dinates  of  the  same  point  in  reference  to  the  XO  Y  axes.  The  coordinates  of  the  origin  0  in 
reference  to  the  axes  X'O'  Y'  will  be  designated  by  (£0,  -q0).  We  have 


(67) 


z  =  £-£0;  y  =  v~Vo 


The  coordinates  of  any  vortex  A  of  our  row  in  reference  to  the  X'O'  Y'  axes  will  be  designated 
by  (a,  b).  As  is  well  known,  we  have  1 


(68) 

with 


z  —  Z  +  iri;  a  =  a  +  ib;  i=  -y/  —  1 


and  where  u  and  v  are  the  components  of  the  velocity  produced  in  the  point  P  by  the  vortices 
of  the  row  considered,  I  the  intensity  of  each  vortex  of  the  row. 


y 

1 


or  the  vortices  of  our  row  disposed  symmetrically  relative  to  0,  the  quantity  a  has  for  values: 


ai =  (£o  +  £)  +^0 

a3=  (£oT3Z)  +irj0 
«6  =  (£o  +  5Z)  +iv0 


a\=(Z0-l)  +iVo 
a' a=  (£0  —  3Z)  +ir]0 
«'5=  (£o~5Z)  +iv  o 


Thus 

z  —  aj=  (x  —  l)  +iy 
z  —  a3=  (x  — 3Z)  -\-iy 
z  —  a5=  (x— 5Z)  +iy 


z—a\  —  (x  +  Z)  +iy 
z  —  a'3  —  (x  +  3Z)  +iy 
z~a'b=  (x  +  5Z)  +iy 


and,  consequently, 


with 


we  thus  see  that 


_1 _ _ 1 _ _  2  (x+iy)  _  2 p 

z  —  ai  z—  al  ( x  +  iy)2  —  l2~o2—l 2 


p  =  x  +  iy 


k=oo 


s 

V=1 


2  p 

p2-  (2fc—  1)2Z2 


i  See  for  example  “Traite  de  Meeanique  Rationelle,”  by  Paul  Appell,  Vol.  Ill,  p.  481 
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If  we  now  remember  the  well-known  formula 


tg0  = 


and  identify  this  formula  with 


k=»oo 


k  =  QO 

4-20 

2_J(2fc-l)3x2-(20)2 

k=l 


k=»  A  ZP- 


yi  2P  =  _  7T  vi _ ‘  i 

£-J  p2  —  (2  lc—  m  2 1  Z«!  .y,  .  v  2  2  _  ^  " 

k=l  k=l  (2ft  1)  7T  p 


2  2 
P  7T 


it  will  be  easily  seen  that  with 
we  get 

and  thus 


9  = 


7T  p 

21 


k=*oo 


ZA  2  p  _  X  ^  71-p 

Jp^(2fc-l)2Z3“_2Ttg 


k=l 


2/ 


U~iv=-TR  tg 


TTp 

4li  ^  21 


or 


7T 


7T 


7.  7rp_  /  .  x(ic  f  iy)  _  I  tg  2iX  +  tg27 


— i«— 1>= tg  2j-g  tg 


_  7  tg|^+7tgh~y  7  tgx'+itghy' 
4ri-2itg^tgh|?/  «l-2itgx'tghv' 


21 


7 r 


4Z  0  ,  IT  .  7T  . 

1  —  2  tg  22  x  tg  2);  ^ 


introducing  the  notations 


,  X  ,  7T 

x  -2Z*;y  =  2Zy 


Thus 


—  Ztt  —  V  = 


7  tg  x' 4-i  tgh  yf  =  tgx'(l  —  2  tghy)  .  tghy'(l  +  2tgV) 
4Z  1  —  2i  tg  x'  tgh  y'  1  4-  4  tg2x'  tgh2i/'  1  1  4-  4  tg2x'  tgh2yr 


and  we  finally^  find 


m 


(70) 


=  7  tgx/(2tghy-l)  7  tg  2Z  [2tgh;  ^-^o)  2l~  '] 

V  4Z  1  +4  tg2x'  tgh2?/'  4Z  x  .  ,  x  . 

1 +4  tg2  2|  (l-lo)  tgk2 

» 

_  _  /  tgh  y'  (1  4-  2  tg2  x’)  7  tgh2Z^~^  [1-f2tg22Z 

U  47  1 +4  tg2x/ tgh2y'  4Z  x  ,  x  . 

1  +  4  tg2  22  (5  ~  €0)  tgh2  22(77  -  770) 


These  last  formulae  constitute  the  general  expressions  for  the  components  u  and  v  of  the  velocity 
at  a  point  P  (£,  77)  produced  by  a  single  vortex  row. 

I  will  here  note  that,  since  for 

(7D  *  tgK{ 77-77.)  1/2. 

we  have 

v  =  0 


for  any  value  of  £,  a  single  vortex  row  has  around  it  such  a  flow  that  at  the  distance  (77-77,,) 
fixed  by  the  relation  (71),  we  have  two  streamlines  that  are  straight  lines. 
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If  we  now  apply  the  formulae  (69)  and  (70)  to  a  system  of  two  vortex  rows 
order  to  find  the  velocity  communicated  to  one  row  by  the  other,  as  we  have 
vortex,  we  find 

v  =  0 


and 

(72) 

where 


u - ^  2 1  ^  ^o)  ~ 

v-rio^d 


-gtgh  ~d 


21 


in  quincunx  in 
£  =  £0  for  each 


and  for  the  stable  configuration  of  two  vortex  rows  in  quincunx 
for  the  magnitude  of  u  the  value 


(73) 


?/^0.35 


7 

21 


with  \=d/2l  =  0.283  we  find 


Fig.  49. 


Let  us  further  calculate  the  momentum  q  counted  per  unit  of  vortex  length  that  corresponds 
to  two  vortices  A  and  B  of  equal  intensity  7  rotating  in  inverse  senses  which  we  will  refer  to 
the  system  of  XO  Y  axes.  (See  Fig.  49.)  It  is  easy  to  see  that  the  component  of  the  momentum 
of  the  two  vortices  in  the  direction  AB  is  equal  to  zero.  Because  if  we  consider  a  fluid  strip 
parallel  to  the  direction  of  AB  such  as  7>,7>x  the  component  of  the  momentum  along  the  direction 
of  AB  of  the  fluid  element  situated  at  a  point  such  as  is  equal  and  directly  opposite  to  the 
momentum  of  the  fluid  element  p\  symmetrical  to  px  in  reference  to  the  axis  Y  (see  Fig.  49). 
The  component  of  the  momentum  along  the  direction  of  AB  which  corresponds  to  the  whole 
strip  b1bi  is  thus  equal  to  zero.  As  the  same  takes  place  for  any  fluid  strip  parallel  to  AB, 
the  resultant  momentum  corresponding  to  the  two  vortices  A  and  B  will  be  normal  to  AB. 
For  the  calculation  of  this  momentum,  let  us  divide  the  fluid  into  strips  normal  to  AB  such  as 
b2b2.  The  component  of  the  momentum  of  the  fluid  element  situated  at  a  point  such  as  p2 
along  the  normal  to  AB,  and  due  to  one  of  the  vortices  is  equal  to  (see  Fig.  49) 

7  hl2  —  x 

2i rr 


hdx  dy  • 


r 
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and  for  the  whole  strip  considered 


when  we  note  that 
We  thus  find 


bdx 


+  00 


(h/2  —  x)dy 
(h/2-x)2  +  y2 


=  5  dx 


4fr.) 

i  +  (A/ 2-x)2 

—  oo 


Fig.  50. 


which  quantity  appears  to  be  independent  of  the  coordinate  x.  It  will  be  easy  to  see  that  this 
last  momentum  is  positive  for  the  vortex  B  for  all  the  strips  at  the  left  of  B  and  negative  for  all 
the  strips  at  the  right  of  B.  The  inverse  takes  place  for  the  vortex  A  (see  Fig.  50).  Thus  when 
we  calculate  the  total  momentum  q,  the  momentum  of  the  strips  outside  A  and  B  will  mutually 
cancel,  and  there  will  be  left  the  momentum  of  the  strips  between  A  and  B.  We  thus  find 

(74)  q-2^-h~&lh 

where  h  is  the  distance  between  the  two  vortices  considered. 

Let  us  now  consider  a  system  of  two  parallel  rows  of  vortices  in  quincunx.  We  can  always 
conceive  this  system  as  built  up  by  the  superposition  of  two  identical  vortex  row  systems  with 
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the  intensity  of  each  vortex  equal  to  7/2.  (See  Fig.  51.)  To  each  pair  of  vortices  of  intensity 
7/2  will  correspond  a  momentum  normal  to  the  line  joining  them  and  equal  to 

q^dh  ~ 

If  we  consider  the  sum  of  all  this  momentum  for  the  whole  system,  it  is  easy  to  see  that  we  will 
get  only  a  resultant  along  the  general  direction  of  the  rows.  Each  pair  of  vortices  of  intensity 
7/2  will  contribute  to  this  resultant  by  a  momentum  equal  to 

(75)  2  *  2 

and  the  resultant  momentum  counted  per  vortex  of  intensity  7  and  per  unit  of  length  of  the  last 
will  thus  be  equal  to 

«s 


Summing  up  from  the  foregoing  all  the  data  relating  to  a  system  of  two  parallel  vortex 
rows  in  quincunx  we  see  that — 

The  quincunx  system  maintains  a  stable  configuration  for 

C6)  lr°-2S3 

The  system  communicates  to  itself  a  velocity  parallel  to  the  general  direction  of  the  rows 
equal  in  magnitude  to 

(77)  «^tgh^0.35^ 

The  resultant  momentum  of  the  system  is  directed  along  the  general  direction  of  the  rows 
and  counted  per  vortex  and  per  unit  of  length  of  the  last,  is  equal  to 

(78)  \ 

The  Fundamental  and  Secondary  Waves. — We  will  now  make  an  attempt  to  calcu¬ 
late  the  order  of  magnitude  of  the  fundamental  and  secondary  waves.  As  we  have  seen  in  the 
foregoing,  the  fundamental  wave  will  be  produced  by  the  vortices  in  quincunx  built  from  the  sur¬ 
faces  of  discontinuity  which  are,  in  the  limiting  case,  the  boundaries  of  the  wake  behind  a  body 
or  aerofoil.  The  secondary  wave  is  produced  by  the  vortices  in  quincunx  built  from  the 
Kirchhoff-Lord  Rayleigh  surfaces  of  discontinuity.  In  some  cases,  in  all  probability  only  one 
of  the  waves  will  be  formed;  in  others  both  waves  will  appear  simultaneously  and  one  will 
propagate  itself  in  the  other.  The  study  of  the  conditions  of  formation  of  the  fundamental 
and  secondary  waves  demands  further  deep  investigations.  I  will  here  consider  only  the  cases 
in  which  each  kind  of  wave  appears  separately. 
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Let  us  consider  a  solid  body  or  an  aerofoil  disposed  in  a  uniform  fluid  stream  having  a 
general  velocity  equal  to  V.  If  a  system  of  two  parallel  vortex  rows  in  quincunx  is  assumed 
to  appear  behind,  the  momentum  counted  per  unit  of  time,  corresponding  to  the  vortices 
appearing,  will  be  equal  to  the  momentum  per  vortex,  multiplied  by  the  number  of  vortices 
formed.  As  the  vortex  in  the  flow  will  have  a  velocity  equal  to  u  the  number  of  vortices 
formed  will  be  equal  to 

9V-u 
2  21 

and  the  corresponding  momentum  equal  to 

V-u 

(79)  M/Lr' 

To  a  first  approximation  we  can  assume  the  drag  of  the  body  or  aerofoil  considered  (counted 
per  unit  of  length)  equal  to  the  last  quantity — that  is  1 

V—v 

(80)  Rx  =  hdl  =  1cx8b  V2 

or,  introducing  for  u  and  d  their  values  in  (77)  and  (76),  we  get 

(81)  ^5  =  0.283  ^1-—®^) 

The  following  considerations  allow  us  to  estimate  the  value  that  the  intensity  of  the  vortex 
in  quincunx  built  behind  a  body  or  aerofoil  may  have. 


V,. 


Fig.  52. 


Let  us  consider  in  a  fluid  flow  a  surface  of  discontinuity,  or  vortex  sheet,  on  both  sides  of 
which  we  have  a  finite  velocity  difference  equal  to  w'  =  —  V2  (see  fig.  52).  For  a  contour 

such  as  C  drawn  between  two  points  A  and  B  of  the  surface,  whose  distance  is  21,  the  circulation 
will  have  the  value 

21 F, - 21 V3  =  21  (V,-  V2)  = 2lw' 

When  now  the  vortex  sheet  considered  goes  over  into  a  row  of  vortices  whose  mutual  distance 
is  21,  in  the  ideal  case  the  circulation  will  remain  invariable,  and  if  a  vortex  is  built  between  the 
points  A  and  B ,  the  intensity  of  it  will  be  equal  to 

(82)  I=2lw' 

Thus  in  the  case  of  the  fundamental  wave  we  will  have 

(83)  wf —w  and  I=2lw 

where  w  is  the  mean  wake  velocity;  and  in  the  case  of  the  secondary  wave  we  will  have 

(84)  w'  =  V  and  I=2iV 

the  fluid  inside  the  Kirchoff-Lord  Rayleigh  surfaces  of  discontinuity  being  at  rest  and  the 
velocity  on  the  surface  being  equal  to  V. 

i  The  whole  purpose  of  this  paper  is  to  be  first  of  all  quite  elementary.  That  is  why  I  have  allowed  myself  to  give  the  foregoing  formula, 

which  is  not  quite  exact,  the  flow  periodicity  behind  the  body  and  the  pressure  difference  in  front  and  behind  having  been  neglected.  The  error 
committed  using  this  formula  can  reach  30  per  cent;  that  is  why  this  formula  gives  only  an  idea  of  the  order  of  magnitude  of  the  quantities  considered, 
which  is  the  only  thing  we  wish  to  reach  here. 
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Introducing  the  value  (82)  of  /  in  (81)  we  find 

Icxb  =  0,283  •  21  y  (l- 0,35*0 
and  thus  for  the  wave  length  2 7  we  get 
(85)  21  = 


kxb 


0,283  y  (l- 0,350 

Thus  at  first  approximation  the  length  of  the  fundamental  wave  appears  equal  to 
(86)  2 Z= 


Kb 


0,283  0-0.35  0 


and  the  length  of  the  secondary  wave  equal  to 
(87)  2^5,4  kxb 

To  give  a  concrete  example,  let  us  take  an  aerofoil  with 

5  =  2  rat. ;  ~kx  =  0.0b 

and  assume  the  ratio  w/V  to  be  of  the  order  of  0,01/ 

In  such  a  case,  for  the  length  of  the  fundamental  wave  we  find 

2*~0.2S3  •  0.01  ~3°  mL 

and  thus 

<7  =  0.283  •  2^10  rat. 


For  the  length  of  the  secondary  wave  we  get 

27  =  0.1  •  5.4=0. 5  mi 

and 

d~0. 15  mi. 

Secondary  waves  have  been  observed  by  several  experimentators,  and  are  fully  of  the 
order  of  size  given  by  the  foregoing  formulae.  But  fundamental  waves,  as  far  as  the  author 
has  knowledge  of  the  subject,  have  never  been  experimentally  observed.  The  scale  of  this 
phenomenon  shows  the  great  interest  of  its  experimental  study.  The  possibility  of  the  for¬ 
mation  of  the  fundamental  waves  explains  the  action  which  bodies  moving  in  a  fluid  may 
have  on  each  other  when  they  approach  one  another,  as  has  been  observed  in  some  cases  be¬ 
tween  airplanes  and  ships.  The  phenomenon  of  the  fundamental  wave  indicates  also  how 
complicated  is  really  the  comparison  of  the  fluid  resistance  of  a  body  moving  in  a  free  and 
in  a  closed  space.  I  will,  finally,  mention  once  more  the  fact  that  the  phenomenon  of  the 
fundamental  wave  is  a  consequence  of  the  fluid  viscosity  and  can  not  be  conceived  in  an  ideal 
fluid. 

The  Pressure  Distribution  on  the  Surface  of  the  Aerofoil. — One  question  has 
been  left  so  far  without  discussion:  It  is  the  pressure  distribution  on  the  surface  of  the  aerofoil. 
The  general  outlines  of  this  phenomenon  are  easy  to  understand.  The  velocity  of  the  flow 
running  on  the  aerofoil  is  increased  above  the  aerofoil  and  decreased  below,  which  has  as  a 
direct  consequence  the  decrease  of  pressure  on  the  upper  surface  and  the  increase  of  pressure 
on  the  lower  surface  of  the  aerofoil.  But  we  are  not  able  to  make  the  exact  calculation  of  the 
pressure  distribution  along  the  surface  of  the  aerofoil.  The  pressure  distribution  is  very 
closely  connected  with  the  phenomena  which  take  place  on  the  surface  of  contact  of  the  fluid 
and  solid  body.  Until  some  new  conception  throws  a  new  light  on  these  phenomena,  it  does 
not  seem  that  the  pressure  calculation  can  be  started  with  any  success.  The  general  ideas 
which  were  developed  in  the  preamble  indicate  the  way  in  which  the  solution  of  the  problem 
will  probably  be  found. 


1  The  value  of  w /  V is  connected  -with  the  value  of  kx.  The  elementary  considerations  developed  in  the  beginning  of  this  chapter  may  be  used 
to  find  the  mutual  order  of  magnitude  of  kx  and  wj  V. 


NOTE  I. — Generalization  and  General  Discussion  of  Kutta’ s  Theorem  on  Circulation. 


The  circulation  theorem  which  I  have  in  view  in  the  present  note  was  first  indicated  for  a  particular  case  by  W.  M. 
Kutta.1  Soon  afterwards,  Kutta  2  and  Joukowski  3  have  recognized  the  generality  of  this  theorem.  This  theorem 
is  announced  as  follows:  , 

When  a  rectilinear  and  uniform  fluid  current,  having  at  infinity  the  velocity  V,  floivs  normally  to  the  generatrix  of  an 
infinite  cylinder  from  any  section,  and  when  the  circulation  along  a  contour  embracing  the  cylinder  and  situated  in  the  plane 
of  one  of  its  orthogonal  sections  has  a  finite  value  7,  the  component  Ry  of  the  resultant  force  of  the  fluid  on  the  cylinder,  taken 
along  the  normal  to  the  velocity  and  referred  to  a  unit  length  of  the  last,  is  equal  to  the  product  of  the  velocity  V,  the  circulation 
I  and  the  density  of  the  fluid:  The  sense  from  Ry  to  V  is  coincident  with  the  sense  of  the  circu  lation. 

According  to  this  theorem,  the  lift  produced  by  a  unit  length  of  the  cylinder  considered  is  expressed  in  magnitude 
by  the  following  formula: 

Ry=bV  I 

We  shall  establish  two  fundamental  and  quite  general  relations  from  which  the  circulation  theorem  will  appear  as  a 
particular  case. 


Let  us  embrace  the  infinite  cylinder  considered  by  any  contour  disposed  in  the  plane  of  one  of  its  orthogonal 
sections.  Let  W  be  the  velocity  of  the  fluid  at  the  point  (x  y)  of  the  contour;  u  and  v  the  components  of  the  velocity 
W along  the  axes  (see  fig.  1);  dx  and  dy  the  projections  of  the  element  of  the  contour  on  the  axes.  Let  us  designate  by 
X  and  Y  the  components  of  the  resultant  force  of  all  the  exterior  forces  applied  to  the  fluid  contained  in  the  contour 
considered  and  let  us  apply  the  theorem  of  momentum  to  the  motion  of  the  portion  of  the  fluid  considered.  We  then 
have 

(1)  Y—fvdm)  X—fudm, 


the  integral  being  taken  around  the  contour  and  dm  representing  the  fluid  mass  which  flows  out  per  unit  of  time  through 
an  element  of  the  contour.  Let  us  designate  by  the  current  function.  By  the  definition  of  that  function,  we  have 

(2)  dm=8df 

and  also 


(3) 

with 

(4) 


d$=udy-vdx=~dy+^:dx 


u- 


d\p 

~dy 


v=  —  ~ 
dx 


Substituting  in  the  first  of  the  equations  (1)  the  value  of  dm  taken  from  the  equation  (2)  we  obtain 
(5)  Y=fbvdip—fbv{udy—vdx) 


or, 

Y=fo[v(udy  —vdz)-\-u2dx—u2dx] 
=fbu(udx+vdy)  —j5(u2Jrv2)dx; 

and,  remarking  that 

(6)  udxfivdy—dl 


1  W.  M.  Kutta.  Illustrirte  Aeronautische  Mitteilungen,  1902. 

S\V.  M.  Kutta.  Sitzungsberichte  der  Koniglichen  Bayerischen  Akademie  der  "VVissenschaften,  MOnchen,  1910  and  1911. 

3  N.  E.  Joukowski.  Geometriche  Untersuchungen  iiber  die  Kutta’sche  stromung,  Moscow,  1910, 1911.  See  also  his  course  “  Aerodyuamique,” 
Paris,  1916,  p.  139. 
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is  nothing  else  than  the  flow  dl  along  an  element  of  our  contour,  in  a  counterclockwise  direction,  i.  e.,  a  direction  such 
as  will  turn  the  axis  of  X  into  that  of  F,  we  get 

(7)  F=  f  8  u  dl—  J  8  W2dx 

and  finally,  integrating  by  parts  the  first  term  of  the  second  member  of  that  relation,  we  get 

(8)  Y—^8u  I— §8ldu~^— §8W2dx 

which  expression  holds  for  any  contour  and  constitutes  the  first  of  the  relations  we  wished  to  get 
Applying  that  relation  (8)  to  a  contour  along  which 

v—o;  u=  F=Const. 

we  easily  see  that  we  have 

(9) 


J  8ldu—0;  J 8W2dx=0 
Y=8VI 


and  consequently  Y  reduces  to 

(10) 

I  being  the  circulation  along  the  contour  considered. 

Following  the  same  way  with  the  second  of  the  equations  (1),  we  get 


(11) 


(12) 

(13) 


X —j  8ud\p — J  8u{udy — vdx) 

= j  8(u2dy-uvdx—v2dy-\-v2dy) 
= J  8{u2-\-v2)dy— f  8v(udx-{-vdy) 
X=f  8  W2dy — j  8vdl 
X^fsW^dy—  I—jsldv J 


The  last  of  these  equations  constitues  the  second  relation  we  wished. 

Applying  this  last  relation  to  a  contour  along  which 

v=0;  u=  F=Const. 

we  easily  see  that  we  have 

(14)  X=0; 

all  the  three  terms  of  the  second  member  of  the  relation  (13)  being  equal  to  zero. 

Let  us  now  stop  to  note  the  exact  interpretation  of  the  relations  (10)  and  (14).  As  it  has  been  indicated,  X  and  Y 
are  the  components  of  the  resultant  forces  of  all  the  exterior  forces  applied  to  the  volume  of  fluid  contained  in  the  con¬ 
tour  considered.  These  forces  are:  First,  the  pressures  of  the  cylinder  on  the  fluid,  which  are  equal  and  opposite  to  the 
pressures  of  the  fluid  on  the  cylinder;  second,  the  exterior  pressures  on  the  contour.  Let  us  consider  a  contour  over 
which  v=o;  u=  F=Const.  and  which  is  limited  in  one  sense  by  two  stream  lines  sufficiently  distant  from  the  cylinder 
so  that  they  are  parallel  to  the  X  axis,  and  in  the  other  sense  by  two  lines  perpendicular  to  these  stream  lines.  Along 
the  stream  lines  parallel  to  the  X  axis  we  can  consider  the  Bernouilli  constant  as  being  effectively  constant,  and  in  con¬ 
sequence  the  pressure  p  constant  and  equal  to  the  exterior  pressure  p0,  the  velocity  Fbeing  constant.  Under  this  condi- 
tion  the  component  along  the  Faxis  from  the  exterior  pressures  on  our  contour  will  be  zero,  and  F  will  represent  the 
negative  of  the  component  of  the  pressures  of  the  fluid  on  the  immersed  cylinder.  The  expression  (10)  consequently 
gives  us  for  the  numerical  value  Ry  of  the  lift  of  the  fluid  on  our  cylinder  Ry—8  VI.  But  if  we  consider  a  stream  line 
which  flows  near  our  cylinder,  there  must  be  some  interior  loss  through  viscosity  along  this  stream  line  because  each 
immersed  body  gives  rise  to  drag.  The  Bernouilli  constant  along  such  a  stream  line  must  necessarily  decrease,  and 
when  we  reach  the  side  of  the  contour,  parallel  to  the  F  axis,  where  the  velocity  F  has  again  taken  its  original  value, 
the  pressure  there  will  not  take  its  original  value  p0,  the  Bernouilli  constant  having  decreased.  The  relation  (14) 
consequently  expresses  the  fact  that  the  component  along  the  X  axis  of  the  resultant  force  of  the  exterior  pressures  on 
our  contour  is  exactly  equal  to  the  drag,  and  this  still  in  the  case  when  the  sides  of  our  contour  are  moved  to  infinity. 
In  the  last  case,  the  exterior  pressures  tend  to  their  limit  value  p0 ,  but  this  is  not  reached;  and  the  integral 


always  remains  exactly  equal  to  the  drag.  Messrs,  Kutta  and  Joukowski,  who  were  the  first  to  establish  the  relations 
(10)  and  (14),  have  limited  themselves  to  a  consideration  of  a  perfect  fluid.  In  that  case,  having  no  interior  losses,  the 
Bernouilli  constant  has  an  invariable  value  along  any  stream  line  and  the  relation  (14)  expresses,  then,  the  fact  that 
the  drag  of  an  immersed  cylinder  is  zero.  But  it  is  absolutely  unnecessary  to  limit  ourselves  to  a  perfect  fluid,  since 
the  theorem  of  momentum  from  which  the  equations  (10)  and  (14)  are  a  direct  consequence,  is  applicable  whatever 
the  interior  forces  acting  on  the  considered  system  are. 

We  are  thus  brought  to  the  general  conclusion  that,  for  any  contour  surrounding  an  immersed  cylinder,  the  fol¬ 
lowing  general  relations  must  hold: 

(15)  jpdx  —  Ry=  j 8v(udy —vdx)=  J 8  udl— j 8W2dx—[8u  7— J"<5  Idu]— J 5  W'2dx 

(16)  ^pdy— Rx=Jsu(zidy— vdx)=JsW2dy— JsvdI=j8W2dy— [SvI—  fsldv] 

which  connect  the  lift  and  drag  of  the  cylinder,  referred  to  a  unit  length  of  the  last,  with  the  flow  around  this  cylinder. 
In  the  application  of  these  formulas,  three  particular  cases  have  to  be  distinguished: 
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1st.  The  formulas  are  applied  to  the  contour  of  the  cylinder  itself.  The  contour  of  the  cylinder  being  a  stream 
line  through  which  we  have  no  flow,  we  must  simply  have 

Ry= Jpdx,  Rx=jpdy 

which  is  the  case  considered  in  classical  hydrodynamics. 

2d.  The  formulas  are  applied  to  a  contour  which  consists  of  stream  lines  and  normal  lines.  (For  the  definition 
of  the  last  lines,  see  Note  II.)  In  that  case  the  integrals  which  figure  in  the  second  members  of  the  relations  (15)  and 
(16)  have  to  be  calculated  only  along  the  normal  lines. 

3d.  The  Kutta  case 

Ry=  —5  VI;  Rx=fpdy 


NOTE  II. — Generalization  of  the  Bernoulli  Theorem. 


For  the  determination  of  the  pressures  in  a  fluid,  we  have  the  Bernouilli  theorem,  which  furnishes  us  the  law  of 
variation  of  pressure  along  a  stream  line  and  also  along  a  vortex  line.  We  also  know  that  the  Bernouilli  theorem  is 
applicable  to  the  whole  fluid,  considering  the  Bernouilli  constant  as  invariable  when  the  fluid  motion  is  irrotational. 
But  in  the  general  case,  when  we  go  from  one  stream  line  to  another,  the  Bernouilli  constant  changes  its  value.  What 
is  the  law  of  variation  of  the  Bernouilli  constant  in  the  whole  fluid  mass  in  the  general  case?  It  is  the  solution  of  this 
important  question  which  the  present  note  gives.  We  so  arrive  at  the  general  solution  of  the  problem  of  the  distribu¬ 
tion  of  pressures  in  a  fluid  mass. 

Let  us  consider  a  fluid  mass  in  a  steady  state  of  motion.  Let  us  consider  in  this  fluid  mass  the  stream  line  curves 
and  also  two  other  families  of  fundamental  curves:  tlic  normal  lines,  defined  by  the  property  that  the  tangent  at  each 
point  to  those  curves  coincides  with  the  principal  normal  of  the  stream  line  passing  through  this  point,  and  the  binomial 
lines,  defined  by  the  property  that  the  tangent  at  each  point  coincides  with  the  binormal  to  the  corresponding  stream 
line.  The  stream  lines,  the  normal  lines,  and  the  binormal  lines  form  a  system  of  triorthogonal  curves. 

These  curves  have  for  equations: 

The  stream  lines: 

dx  _dy_dz 
u  v  w 

The  normal  lines: 

dx _ dy  _  dz 

Bw  —  Cv~Cu—Aw  Av—Bu 

The  binormal  lines: 

dx  dy  dz 
A  ~  B~D 


In  these  equations  it,  v,  w  are  the  components  of  the  velocity  of  the  fluid  and  A,  B,  C the  determinants  of  the  matrix: 


For  example 


!  u 

V 

w  i| 

du 

dv 

dw  || 

\dt 

dt 

dt  1! 

dw 

dv 

A—v 

dt 

~w  dt 

,  .  .  .  .  du  dv  dw 

expressions  m  which  ^ 


are  the  total  derivatives;  for  example, 


du  du  dv  dw 
di~ua i+vS,+w5T 


the  motion  being  steady. 

Let  us  consider  a  fluid  element  contained  in  the  elementary  parallelepiped,  whose  edges  dr,  dy,  dp  are  respectively 
d fleeted  along  the  stream  lines,  the  normal  lines  and  the  binormal  lines.  On  these  curves,  we  get  the  following  positive 
senses:  On  the  stream  lines,  the  sense  of  the  velocity  of  the  fluid  particles;  on  the  normal  lines,  the  sense  toward  the 
center  of  curvature  of  the  corresponding  stream  lines;  on  the  binormal  lines,  the  positive  sense  is  chosen  in  such  a  way 
that  the  trirectangular  trihedral  (dr,  dv,  dp)  be  positive. 

Let  us  apply  the  d’Alembert  principle  to  the  fluid  element  dr,  dv,  dp  and  let  us  consider  for  the  sake  of  simplicity 
the  fluid  as  incompressible  and  having  no  weight  (see  fig.  1).  The  resultant  of  the  exterior  pressure  on  the  fluid  element 
has  for  components: 


—  dr  dv  dp  along  dr 
dr 


-P drdvdp  -.  -  dv 
dv 

drdvdp  -.  -  dp 
dv 

p  being  the  pressure  at  the  point  considered. 

The  resultant  of  the  forces  of  inertia  applied  to  that  element  has  for  components: 

—  3 y&dr  dvdp  along  dr 
dt 

—  —2  bdr  dv  dp  — .  —  dv 
P 

0  -.  -dp 

5  being  the  density  of  the  fluid  at  the  point  considered;  V the  velocity,  and  p  the  radius  of  the  principal  curvature. 
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(1) 

(2) 

(3) 


According  to  the  d’Alembert  principle,  we  must  have: 

dp  ,  dV_  0 

dr  +  8  dt~° 


ge+.^-o 

Op  p 

d£  _0 

dp  ~u 

This  system  of  relations  represents  the  equation  of  motion  of  the  fluid  referred  to  the  triorthogonal  curvilinear  system  of 
stream  lines,  normal  lines  and  binormal  lines,  which  can  be  called  the  natural  curvilinear  coordinates  of  the  fluid  or, 
shorter,  the  natural  coordinates  of  the  fluid . 

I.  The  equation  (1)  brings  us  directly  to  the  Bernouilli  theorem.  We  have 

dp  t  rdV  dp  t  'dV dr  dp  _ _ dV 

dr 

and  integrating  along  a  stream  line,  we  get 

8  V3 


:+  5  7#  =fT  +  5  dr  dt~dr  +  5Vdr~° 


(4) 


P+ 


a  relation  which  constitutes  the  Bernouilli  theorem,  C  being  the  Bernouilli  constant. 


y 


II.  The  equation  (2)  gives  us  the  distribution  of  pressure  along  the  normal  lines.  Integrating  this  equation  along 
the  normal  lines,  we  get 

(5)  p+J'  8  ~~dv=C 

This  last  equation  is  susceptible  of  the  following  important  transformation: 

Let  us  designate  by  uT,  up  the  components  of  the  vortex  and  by  VT)  V„,  Vp  the  components  of  the  resultant 
velocity  V along  the  directions  dr,  dv,  dp  at  the  point  considered.  We  have 

VT=V;  Vy=0;  Vp=0 


The  relations  between  the  double  of  the  component  of  the  vortex  u  and  the  component  of  the  velocity  are  given  by 
the  determinants  of  the  matrix 


(6) 

We  thus  have 

(7) 

or 

(8) 


d 

d 

d 

dr 

dv 

dp 

Vr 

v„ 

Vp 

2up 

O 

dVr 

dr 

dv 

dV, 

dr 

o  _dFr_c 

2“0—5f  — 

dv 


On  the  other  hand  (see  fig.  2). 

(9) 


dVv__Vd6  V 

dr  6t  p 


d9  being  the  contingence  angle, 
line,  we  get 
10) 


Substituting  this  last  value  of 


dV, 

dr 


in  the  relation  (8),  for  an  integration  along  a  normal 


dv= 


dV 
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and  substituting  this  last  value  of  dv  iu  the  equation  (5),  we  get: 

rjvdv 

<»)  p+J  1-2/,; 


Finally,  the  integral  of  this  last  relation  is  susceptible  of  the  following  transformation 


r  s  nr  j 

J  i -*rP~J 


5WF[l-(l-2p“f)  +  (l-24tf)] 


1  9 

l-tPy 

—  *2p 


Jr  5  VdV--l 
bVdV-  I  - 

J  '-2n 

sv2  r  svdv 
2  -Z--i 

J  2  nciifi 


up 


P 

V 


and  the  equation  (11)  takes  the  form 

(12) 


p+ 


&V 2 


-c+ 


J 


SVdV 

JL-j 

2pug 


hich  relation  gives  the  distribution  of  pressure  along  the  normal  lines. 

We  easily  see  that  the  last  equation  has  the  form  of  the  Bernouilli  equation ,  only  the  integral  which  figures  in  the  secon 
member  determines  the  variation  of  the  Bernouilli  constant  when  we  go  from  one  stream  line  to  another  along  a  normal  tin. 
If  we  put 

SVdV 


(13) 

the  equation  (12)  takes  the  form 

(14) 


AC-- 


J8  V(i  V 

-Jl  _ 

2  pug 


p+^-C+AC 


We  now  see,  it  is  sufficient  for  up  to  equal  zero  along  a  normal  line — which  means  that  on  the  normal  line  consid¬ 
ered  the  vortex  u  is  in  the  contingence  plane — for  the  integral  AC  to  be  equal  to  zero  and  therefore  for  the  Bernouilli 
constant  to  be  invariable  along  the  normal  line  considered.  It  is  evident  that  up  is  zero  when  u—0. 

The  integral  A  C  can  be  written  in  the  form 

5dV 
(15) 


4C=J 


1 

2  pu/3 


1 

V 


and  is  then  susceptible  of  the  following  geometrical  interpretation:  The  denominator  of  this  integral  represents  the 
difference  between  the  inverse  of  the  speed  which  the  fluid  particle  would  have  if  rotating  with  the  angular  velocity 
2ug  around  the  center  of  curvature  of  its  instantaneous  position  and  the  inverse  of  the  resulting  velocity  V  of  the 
particle. 

III.  The  integration  of  the  equation  (3)  along  the  binormal  lines  brings  us  directly  to  the  conclusion  that  along 
those  lines 


(16) 


p=Const. 


that  is  to  say,  in  the  case  of  a  nonheavy  fluid,  the  binormal  lines  are  isobars.  It  will  be  easily  seen  that  in  the  case  of  a 
heavy  fluid ,  the  distribution  of  pressure  along  the  binormal  lines  will  be  the  same  as  if  the  fluid  were  immobile. 

We  also  see  that  for  the  case  of  irrotational  motion  of  a  fluid  the  binormal  lines  are  also  the  lines  of  constant  velocity, 
the  Bernouilli  theorem  being  applicable  to  the  whole  fluid  mass. 

The  system  of  relations  for  (11),  (12),  and  (16)  fully  determines  in  the  general  case  the  distribution  of  pressures  in 
a  fluid  mass  in  motion.  This  system  of  relations  carries  us  to  the  following  important  consequences,  which  I  will 
indicate  in  general  outlines: 

I.  It  is  su  fficient  to  know  the  distribution  of  pressure  along  a  surface  cutting  all  the  binormal  lines  in  order  to  know  the 
distribution  of  pressure  in  the  whole  fluid  mass. 

This  proposition  is  a  direct  consequence  of  the  fact  that  the  pressure  is  constant  along  a  binormal  line. 

II.  On  both  sides  of  a  vortex  layer,  even  thin,  there  can  exist  a  difference  of  pressure  which  can  be  of  sensible  value. 

To  convince  ourselves  of  such  a  possibility,  it  is  enough  to  picture  a  vortex  layer  in  which  the  quantity 


167080— S.  Doc.  307, 65-8 - 10 


V—2  pug 
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has  a  small  value  inside  the  layer,  which  can  happen  without  V  and  w/s  having  excessive  values.  Then,  when  trav¬ 
ersing  the  layer  along  a  normal  line,  the  integral 

C  &V3dN 

J  V—  2p«0 

will  have  a  large  value,  and,  consequently,  according  to  formula  (11),  the  difference  of  pressure  on  the  two  sides  of 
the  layer  can  have  a  sensible  value. 

The  conception  of  a  thin  vortex  layer  maintaining  a  sensible  difference  of  pressure  is  very  important  for  the  under¬ 
standing  of  many  hydrodynamical  phenomena  which  take  place  in  real  fluids.  I  shall  take  a  typical  example. 


Fig.  3. 

Let  us  consider  a  propeller  having  any  number  of  blades  and  working  in  free  air  at  a  lixed  point,  for  example. 
The  rotation  of  the  propeller  creates  a  well-enough  limited  fluid  stream.  Let  us  follow  a  stream  line  in  the  sense  of 
the  motion  of  the  fluid  projected  by  the  propeller  (see  fig.  3).  When  we  reach  a  point  such  as  B  disposed  before  the 
propeller,  the  pressure  p  must  be  necessarily  less  than  the  exterior  pressure  p0,  because  the  velocity  is  all  the  time 
increasing  when  we  approach  the  propeller  and  at  points  such  as  Ax  and  A2  we  have  pressures  very  close  to  the 
pressure  p.  But  when  we  go  through  the  plan  of  rotation  of  the  screw,  the  pressure  increases  and  in  a  point  such  as 
C  disposed  directly  behind  the  propeller,  the  pressure  p/  is  generally  greater  than  the  exterior  pressure  p0.  It 
would  be  difficult  to  conceive  the  existence  of  different  pressures  p'  and  p  at  points  C  and  A2,  if  it  were  not  for  the 
vortex  layer,  which  consequently  must  constitute  the  surface  of  the  fluid  stream  created  by  the  screw  and  which  is 
capable  of  maintaining  differences  of  pressure.  Without  the  knowledge  of  the  existence  of  the  vortex  layer  con¬ 
stituting  the  surface  of  the  stream  created  by  the  propeller  the  distribution  of  pressure  around  the  propeller  would 
be  difficult  to  conceive. 


NOTH  III. — The  Equation  of  the  Metacentric  Curve. 

The  aerofoil  considered  is  referred  to  any  system  of  X  and  Faxes  invariably  connected  with  the  aerofoil,  for  ex¬ 
ample,  the  one  represented  on  Fig.  1.  The  air  resistance  R  of  the  aerofoil  is  resolved  into  two  components  Rlx  and 
Rly  along  the  X  and  F  axes.  These  components  are  connected  with  the  drag  Rx  and  lift  Ry  of  the  aerofoil  by  the 
realations 

cos  a  1 ty  sin  oc 

(2)  Rly=Rx  sin  a-\-Ry  cos  a 

Let  us  designate  by  N  the  moment  of  It  relative  to  the  origin  0.  We  have 

N=R.  1. 

The  quantities 

(3)  Rlx)  R'y'i  N 

fully  define  the  vector  R  in  position  and  direction  and  are  sometimes  called  the  Plucker’s  coordinates  of  a  vector,  fn 
these  coordinates  the  equation  of  the  direction  of  R  is 

(4)  x  Rly—y  R}x—N—0 


lii  fact,  the  normal  form  of  the  equation  of  the  direction  of  R  is 


but 

and  thus 

consequently 

or 


x  cos  <p-\-y  sin  <p — l—O 
R'y—R  cos  <p\  Rlx=  —  R  sin  <p 

R'y  .  R\ 

cos  <P=  j£\  sin  <p= — ^ 


R 


-y 


R\ 

R 


-1=0 


x  R\-y  R'x-Rl=0 

and  the  equation  (4)  is  thus  established. 

The  metacentric  curve  is  the  envelope  of  the  consecutive  positions  of  the  air  resistance  R,  and  thus  is  fixed  by 
the  system  of  relations 

x  Rly—y  Rlx~N=0 


(5) 

(6) 


R\ 


da 


dR\  dN 

'V  da  da  0 
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from  which  we  find 


N 

-R'x 

R\ 

N 

dN 

- 

dR'y 

dN 

da 

da 

da 

da 

R>y 

-R'x 

w  y 

R\ 

-R'x 

dR'y 

dR'x 

dR'y 

dR'x 

da 

da 

da 

da 

which  represent  the  equation  of  the  metacentric  curve  in  parametric  form,  a  being  the  parameter 
These  equations  can  also  be  written 


*  da  da  da\hlx/ 

>  i\ 

[  !V1+Si?] 

x  da  da  da\R'x) 

|  d  fRlv\ 

1  da\R'x) 

dN  dR'y  d( 
V  da  ^  Ja  c)a\ 

'  N\ 
<Rly) 

1 

1 

1*1* 

[‘t 

i»m 

*.  <>R1V  fit 

x  da  Ry  da  da 

(  R'xd 
\R'y) 

1  ja( 

'R'x') 

\R'y) 

1 

which  can  be  used  for  the  tracing  of  metacentric  curves. 


NOTE  IV.* 1 — The  Mechanism  of  Fluid  Resistance.2 

By  Th.  v.  KArmAn  and  H.  Rubach. 

The  resistance  of  a  solid  body  moving  with  a  uniform  velocity  in  an  unlimited  fluid  can  be  calculated  theoretically 
only  in  the  limiting  cases  of  very  slow  motion  of  small  bodies  or  of  very  high  fluid  viscosity.  We  are  brought  in  such 
cases  to  a  resistance  proportional  to  the  first  power  of  the  velocity,  to  the  viscosity  constant,  and,  for  geometrically 
similar  systems,  to  the  linear  dimensions  of  the  body.  To  the  domain  of  this  “linear  resistance” — which  has  aroused 
much  interest,  especially  within  recent  years,  on  account  of  some  important  experimental  applications — has  to  be 
opposed  the  limiting  domain  of  comparatively  large  velocities,  for  which  the  so-called  “velocity  square  law”  holds 
with  very  good  approximation.  In  this  latter  domain,  which  embraces  nearly  all  the  important  technical  applications, 
the  resistance  is  nearly  independent  of  fluid  viscosity,  and  is  proportional  to  the  fluid  density,  the  square  of  the 
velocity,  and — again  for  geometrically  similar  systems — to  a  surface  dimension  of  the  body.  In  this  domain  of  the 
“square  law”  is  included  the  important  case  of  air  resistance,  because  it  is  easy  to  verify,  by  the  calculation  of  the 
largest  density  variations  which  can  occur  for  the  speeds  we  meet  in  aeronautics  and  airscrews,  that  the  air  compression 
can  be  neglected  without  any  sensible  error.  The  influence  of  the  compression  first  becomes  important  for  velocities 
of  the  order  of  the  velocity  of  sound.  In  fact,  experiments  show  that  the  air  resistance,  in  a  broad  range  from  the  small 
speeds  at  which  the  viscosity  plays  a  role  up  to  the  large  speeds  comparable  to  the  velocity  of  sound,  is  proportional 
to  the  square  of  the  velocity  with  very  good  approximation.3  In  general,  fluid  resistance  depends  upon  the  form  and 
the  orientation  of  the  body  in  such  a  complicated  way  that  it  is  extraordinarily  difficult  to  predetermine  the  flow  to  a 
degree  sufficient  for  the  evaluation  of  the  resistance  of  a  body  of  given  form,  by  a  process  of  pure  calculation,  as  can  be 
done  by  aid  of  the  Stokes  formula  in  the  case  of  very  slow  motions.  We  also  will  not  succeed  in  this  paper  in  reaching 
such  a  solution,  but  will  still  make  the  attempt  to  give  a  general  view  of  the  mecliani  -.m  of  fluid  resistance  within  the 
limits  of  the  square  law. 

We  can  state  the  problem  of  fluid  resistance  in  the  following  somewhat  more  exact  way. 

Since  the  time  of  the  fundamental  considerations  of  Osborne  Reynolds  on  the  mechanical  similitude  of  flow 
phenomena  of  incompressible  viscous  fluids  of  different  density  and  viscosity  and — under  geometrical  similitude — for 
different  sizes  of  the  system  considered,  it  is  known  that  the  resistance  phenomenon  depends  upon  a  single  parameter 
which  is  a  certain  ratio  of  the  above-mentioned  quantities.  Thus  the  fluid  resistance  of  a  body  moving  with  the  uniform 
velocity  XJ  in  an  incompressible  unlimited  fluid  may  be  expressed  by  a  formula  of  the  form  4 


(I)  W=fxlUff^j 

where 


n  is  the  viscosity  constant 
p  the  fluid  density 

l  a  definite  but  arbitrarily  chosen  linear  dimension  of  the  body,  and  / 


a  function  of  the  single  variable 


R= 


UpI 


We  will  call  “Reynolds’  parameter”  the  quantity  R  which  has  a  zero  dimension. 


Theory  and  experiment  show  that  for  very  small  values  of  R — that  is,  for  low  velocities,  or  small  bodies,  or  great 
viscosity — the  function /  (R)  is  very  nearly  constant;  the  resistance  coefficient  of  the  Stokes  formula  corresponds  to  the 
limiting  case  of  f(R)  for  R—O.  The  square  law  corresponds  to  the  limiting  case  of  R= co  .  We  approach  this  latter  case 
the  more  nearly  the  smaller  the  viscosity  p,  so  that  in  the  limiting  case  of  R—  oo ,  the  fluid  can  be  considered  as 
frictionless.  And  we  can  ask  ourselves,  to  what  limiting  configuration  does  the  flow  of  the  viscous  fluid  around  a  solid 
body  tend  when  we  pass  to  the  limiting  case  of  a  perfect  fluid?  This  is,  according  to  our  view,  the  fundamental  point  of 
the  resistance  problem. 

The  fact  that  we  obtain  in  this  case  a  resistance  nearly  independent  of  the  viscosity  constant — since  according 
to  formula  (I)  this  corresponds  to  the  square  law — allows  us  to  conjecture  that  in  this  limiting  case  the  resistance  is 
determined  by  flow  types  such  as  can  occur  in  a  perfect  fluid. 

1  This  note  is  the  translation  of  the  paper  of  Th.  v.  K4rm&n  and  H.  Rubach  published  in  “  Physikalische  Zeitschrift,”  Jan.  15, 1912.  The 
author  has  considered  it  necessary  to  add  here  this  complete  translation,  on  account  of  the  importance  of  the  new  conceptions  of  Th.  v.  K&rm&n. 

1  The  actual  note  constitutes  a  more  complete  exposition  of  two  notes  of  Th.  v.  K&rm&n  published  in  the  “Nachrichten  der  Kgl.  Gesellsch. 
der  Wiss.  zu  Gottingen,”  containing  his  hydrodynamical  researches  upon  the  stability  of  vortex  systems  and  the  conclusions  concerning  fluid 
resistance  obtained  from  the  latter.  The  experiments  here  discussed  and  the  measurements  given  have  a  provisional  character;  exact  measurements 
are  expected  in  connection  with  an  intended  dissertation  of  H.  Rubach. 

8  See,  for  example,  the  interesting  experiments  of  O.  Foppl  on  the  validity  of  the  square  law  for  air  resistance,  “Dissertation,”  Aachen,  p.  40 

(also  “  Jahrbuch  der  Motorluftschifl”-Studiengesellschaft,  1911). 

*  Compare  Lord  Rayleigh,  Phil.  Mag.,  vol.  21,  p.  708,  1911, 
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It  is  now  certain  that  neither  the  so-called  “continuous”  potential  flow,  nor  the  “discontinuous”  potential  flow 
discovered  by  Kirchhoff  and  v.  Helmholtz,  can  express  properly  this  limiting  case.  Continuous  potential  flow  does  not 
cause  any  resistance  in  the  case  of  uniform  motion  of  a  body,  as  may  be  shown  directly  by  aid  of  the  general  momentum 
theorem;  the  theory  of  the  discontinuous  potential  flow,  which,  in  relation  to  the  resistance  problem  has  been  dis¬ 
cussed  principally  by  Lord  Rayleigh,1  leads  to  a  resistance  which  is  proportional  to  the  square  of  the  velocity;  the  cal¬ 
culated  values  do  not,  however,  agree  with  the  observed  ones.  And,  independent  of  the  insufficient  agreement  between 
the  numerical  values,  the  hypothesis  of  the  “dead  water,”  which,  according  to  this  theory  ought  to  move  with  the 
body,  is  in  contradiction  to  nearly  all  observations.  It  is  easy  to  see  by  aid  of  the  simplest  experiments  that  the  flow, 
when  referred  to  a  system  of  coordinates  moving  with  the  body,  is  not  stationary,  as  assumed  in  this  theory.  Further¬ 
more,  in  the  theory  of  discontinuous  potential  motion,  the  suction  effect  behind  the  body  is  totally  missing,  while  in 
the  dead  water,  which  extends  to  infinity,  we  have  everywhere  the  same  pressure  as  in  the  undisturbed  fluid  at  a  great 
distance  from  the  body.  But  according  to  recent  measurements,  in  many  cases  the  suction  effect  is  of  first  importance 
for  the  resistance,  and  in  any  case  contributes  a  sensible  part  of  the  last. 

The  reason  why  in  a  perfect  fluid  the  discontinuous  potential  flow,  although  hydrodynamically  possible,  is  not  realized 
is  without  any  doubt  the  instability  of  the  surfaces  of  discontinuity,  as  has  already  been  recognized  by  v.  Helmholtz 
and  specially  mentioned  by  Lord  Kel  \  in.2  A  surface  of  discontinuity  can  be  considered  as  a  vortex  sheet;  and  it  can 
be  shown  in  a  quite  general  way  that  such  a  sheet  is  always  unstable.  This  can  also  be  observed  directly;  observation 
shows  that  vortex  sheets  have  a  tendency  to  roll  themselves  up;  that  is,  we  see  the  concentration  around  some  points 
of  the  vortex  intensity  of  the  sheet  originally  between  them.  This  observation  leads  to  the  question:  Can  there  exist 


stable  arrangements  of  isolated  vortex  filaments,  which  can  be  considered  as  the  final  product  of  decomposed  vortex 
sheets?  This  question  forms  the  starting  point  of  the  following  investigations;  it  will,  in  fact,  appear  that  at  least  for 
the  simplest  case  of  uniplanar  flow,  to  which  we  will  limit  ourselves,  we  will  be  led  to  a  “flow  picture”  which  in  all 
respects  corresponds  quite  well  to  reality. 


THE  INVESTIGATION  OF  STABILITY. 

We  will  investigate  the  question  whether  or  not  two  parallel  rows  of  rectilinear  infinite  vortices,  of  equal  strength 
but  of  inverse  senses,  can  be  so  arranged  that  the  whole  system,  while  maintaining  an  invariable  configuration,  will 
have  a  uniform  translation  and  be  stable  at  the  same  time.  It  is  easy  to  see  that  there  exist  two  kinds  of  arrangements 
for  which  two  parallel  vortex  rows  can  move  with  a  uniform  and  rectilinear  velocity.  The  vortices  may  be  placed 
one  opposite  the  other  (arrangement  a,  fig.  I),  or  the  vortices  of  one  row  may  be  placed  opposite  the  middle  points 
of  the  spacing  of  the  vortices  of  the  other  row  (arrangement  b).  In  the  case  of  equality  of  spacing  of  the  vortices  iD 
both  rows,  as  a  consequence  of  symmetry  for  the  two  arrangements  a  and  b,  it  appears  that  each  vortex  has  the  same 
velocity  in  the  sense  of  the  X  axis,  and  that  the  velocity  in  the  sense  of  the  Faxis  is  equal  to  zero.  We  have  to  answer 
the  question,  which  of  these  two  arrangements  is  stable? 

To  illustrate  first  by  a  simple  example  the  method  of  the  investigation  of  stability,  we  will  start  with  the  con¬ 
sideration  of  an  infinite  row  of  infinite  vortices  disposed  at  equal  distances  l  and  having  the  intensity  f ,  and  will  study 

1  On  the  resistance  of  fluids,  Mathematical  and  Physical  Papers,  Vol.  I,  p.  287. 

’  Mathematical  and  Physical  Papers,  Vol.  IV,  p.  215.  This  paper  contains  a  detailed  critique  of  the  theory  of  discontinuous  motion. 
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the  stability  of  such  a  system.  If  we  designate  by  xp.  yp,  the  coordinates  of  the  p-th  vortex,  and  by  xq,  y,{  the 
coordinates  of  the  q-th  the  velocity  impressed  on  the  latter  vortex  by  the  former  is  given  by  the  formulae 


U,=L  .  yp-gq _ 

2tt  (xp  ~xq )  2+  (yp — 2/q  )2 


„  =_i.  . _ 

w  2x  (xp-xq)2+(yP-yq)2 

These  formulae  express  the  fact  that  each  vortex  communicates  to  the  other  a  velocity  which  is  normal  to  the  line 
•oining  them  and  is  inversely  proportional  to  their  distance  apart.  Therefore  the  resultant  velocity  of  the  q-th  vortex  ( 
due  to  all  the  vortices  is  equal  to 

<&q  \  '  yP-yq 

dt  2  irL~{xp-xqy+{yp-yqY 


dy q f  \  1  _ 

dt  2 w  Zj(V“  Zq)2+  (yP  -  ?/q)2 


where  /?=<7  is  excluded  from  the  summation.  If  now  the  vortices  are  disturbed  from  their  equilibrium  position,  the 
small  displacements  being  fp,  t?p,  the  vortex  velocities  can  be  developed  in  terms  of  these  quantities,  and  we  will 
be  brought  to  a  system  of  differential  equations  for  the  disturbances  £p,  pp,  i.  e.,  for  small  oscillations  of  the  system. 
Let  us  accordingly  put 


and,  neglecting  the  small  quantities  of  higher  orders,  we  will  get 


oo 

dt r,  =  Vp-Vcj 

dt  2ttzLJ  {p-q)H2 

V— —  00 


dll  q _  t  \  1  £p 

^  2ir/mJ(p—q)H‘i 


The  differential  equations  so  obtained,  which  are  infinite  in  number,  are  reduced  to  two  equations  by  the  sub- 
stitution 

These  two  equations  are 

dL__  f  yV^-i 

dt  ^02tt  /  |  pH 2 

P*  —  CO 


dt  s'°27r  /  i  pH2 

pzm—CG 


with 


The  physical  meaning  of  this  substitution  is  easy  to  see:  we  consider  a  disturbance  in  which  each  vortex  undergoes 
the  same  motion  only  writh  a  different  phase  <p.  Under  such  conditions  we  have  to  do  with  a  wave  disturbance  and  the 
system  will  be  called  stable,  when  for  any  value  of  <p,  that  is,  for  any  phase  difference  between  two  consecutive  vortices, 
the  amplitude  of  the  disturbance  does  not  increase  with  the  time. 

Let  us  introduce  the  notation 

,  *  r  i_  t  x-yrMpv)-! 

\  pH 2  p2 

P=  —CO  p  =  l 


The  foregoing  equations  then  take  the  form 


Let  us  put  and  tj0  proportional  to  cx< ;  we  will  then  find  for  each  value  of  <p  two  values  for  X,  that  is 

\—±k(<p) 
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It  follows  that  the  vortex  system  considered  is  unstable  for  any  periodic  disturbance,  because  there  is  always 
present  a  positive  real  value  of  X,  that  is,  the  disturbance  is  of  increasing  amplitude. 

Applying  this  method  in  the  case  of  two  vortex  rows  we  will  find  that  the  arrangement  a,  that  is,  the  symmetrical 
arrangement,  is  likewise  unstable,  but  that  for  the  arrangement  b  there  exists  a  value  of  the  ratio  k/l  (h  is  the  distance 
between  the  two  rows,  l  is  the  distance  between  the  vortices  in  the  row)  for  which  the  system  is  stable. 

In  both  cases  X  can  be  brought  to  the  form 


j\=±i(B±^C2-A2) 

where  A,  B,  C are  functions  of  the  phase  difference  <p.  The  system  will  be  stable  if  ( Cl  —  A2)  is  positive  for  any  val  tie  of  v  . 
For  the  symmetrical  arrangement  a,  the  functions  A,  B,  C are  expressed  by  the  formulae : 


a/  i  p2l2—h?  \~\l-cosp<p- 

{<P)  2h2  £j{pH2Ah2Y‘  /LJ  P2l* 


CO 


BW=2j(^?einW 

p-i 

^2h2~^^(pH2+h2)2  008  (p<p) 


But  for  <p=ir  we  get 


AM=  si  [ctgh2  (r) ' ~tgh2  (t)] 

(t )-tgh2(^)] 


so  that  this  arrangement  is  unstable  for  any  values  of  h  and  l. 
For  the  unsymmetrical  arrangement  b  we  find 


_ (p+h)2l2-f>?  .  Vll-cos  (p<p) 

p=o  p*=*t 


00 


p-o 

p=o 

We  see  now  that  C{ii)—o,  so  that  in  the  place  where  <p=x,  A.  must  also  be  equal  to  zero,  because,  on  account  of  <he 
double  sign,  X  takes  a  positive  real  value.  This  brings  us  to  the  condition 

oo  oo 

(p+i)2P-h2  \  i  2 

Zj[(p-H)2*2+/>2]2  Z_,(fp-W)2F 

'  p=0 


But 


and 


p—O 
00 


V  [(p+W2-h2 

Lj[(p+m2+vr 

p=0 


2l2  cosh2 


,irh 

7 


>J 

P-0 


i£p+iyi2~W 


so  that,  as  the  necessary  condition  of  stability  we  find  the  relation 


COShy = 


and  for  the  ratio  hfl  we  find  the  value 


h/l-0,28S .... 
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For  a  certain  value  of  the  wave  length  of  the  disturbance,  corresponding  to  <p=ir,  we  get  X— o,  that  is,  the  system 
is  in  a  neutral  state.  But  it  can  be  shown  by  calculation  that  our  system  is  stable  for  all  other  disturbances.  This 
unique  disturbance  has  to  be  tested  by  further  investigations.  It  can,  however,  be  seen  that  a  zero  value  for  X  must 
appear,  because  only  one  stable  configuration  exists.  If  this  were  not  so,  we  would  find  for  l/h  a  finite  domain  of  sta¬ 
bility.* 1 

THE  “FLOW  PICTURE.” 

The  consideration  of  the  question  of  stability  has  brought  us  to  the  result  that  there  exists  a  particular  config¬ 
uration  of  two  vortex  rows  which  is  stable.  The  vortices  of  both  rows  have  then  such  an  arrangement  that  the 
vortices  of  one  row  are  placed  opposite  the  middle  of  the  interval  between  the  vortices  of  the  other  row,  and  the 
ratio  of  the  distance  h  between  the  two  rows  to  the  distance  l  between  the  vortices  of  the  same  row  has  the  value 

hi  i — 

r=  arc  cosh  V2= 0,283 

l  IT  ’ 

The  whole  system  has  the  velocity 

_t\ N  h 

p=o 

which  can  also  be  written 

f  irh 

u=2i^h~r 

or,  introducing  the  value  of  h/l  found  by  the  stability  investigation,  we  get 

u==i7T 

The  flow  is  given  by  the  complex  potential  (<p  potential,  \p  flow  function) 


where 


x=<p+tV— 


sin  (z0-z)j 
sin  (20+z)f 


l  .  hi 

20=4+2" 


By  aid  of  this  formula  we  have  calculated  the  corresponding  streamlines  and  have  represented  them  in  Fig.  2. 
We  see  that  some  of  the  streamlines  are  closed  curves  around  the  vortices,  while  the  others  run  between  the  vortices. 
On  the  other  hand,  we  have  tried  to  make  visible  the  flow  picture  behind 
a  body,  e.  g.,  a  flat  plate  or  circular  cylinder,  moved  through  immobile 
water,  by  aid  of  lycopodium  powder  sifted  on  the  surface  of  the  water,  and 
to  fix  these  pictures  photographically  (exposure  one-tenth  of  a  second). 

The  regularly  alternated  arrangement  of  the  vortices  can  not  be 
doubted.  In  most  cases  the  vortex  centers  can  also  be  well  determined; 
sometimes  the  picture  is  disturbed  by  small  “accidental  vortices”  pro¬ 
duced  in  all  probability  by  small  vibrations  of  the  body,  which  in  our  pro¬ 
visional  experiments  could  not  be  avoided.  We  had  a  narrow  tank  whose 
floor  was  formed  by  a  band  running  on  two  rolls,  and  the  bodies  tested 
were  simply  put  on  the  moving  band  and  carried  by  it.  It  is  to  be  expected 
that  by  aid  of  an  arrangement  especially  made  for  the  purpose  much  more  regular  flow  pictures  could  be  obtained, 
while  in  the  actual  experiments  the  flow  was  disturbed  on  the  one  hand  by  the  vibrations  of  the  body  and  on  the 
other  by  the  water  flow  produced  by  the  moving  band  itself. 

The  alternated  arrangement  of  the  vortices  rotating  to  the  right  and  to  the  left  can  only  be  obtained  when  the 
vortices  periodically  run  off  first  from  one  side  of  the  body,  then  from  the  other,  and  so  on,  so  that  behind  the  body 
there  appears  a  periodic  motion,  oscillating  from  one  side  to  the  other,  but  with  such  a  regularity,  however,  that  the 
frequency  of  this  oscillation  can  be  estimated  with  sufficient  exactness.  The  periodic  character  of  the  motion  in  the 
so-called  “vortex  wake”  has  often  been  observed.  Thus,  Bernard  2  has  remarked  that  the  flow  picture  behind  a 
narrow  obstacle  can  be  decomposed  into  vortex  fields  with  alternated  rotations.  Also  for  the  flow  of  water  around 
balloon  models  the  oscillation  of  the  vortex  field  has  been  observed.3  Finally,  v.  d.  Borne  4  has  observed  and  pho¬ 
tographed  recently  the  alternated  formation  of  vortices  in  the  case  of  air  flowing  around  different  obstacles.  The 


1  From  a  mathematical  standpoint  our  stability  investigation  may  be  considered  as  a  direct  application  of  the  theorems  of  Mr.  O.  Toplitz  on 
Cyclanten  with  an  infinite  number  of  elements,  which  he  has  in  part  published  in  two  papers  (Gottingen  Nachrichten,  1907,  p.  110;  Math.  Annalen 
1911.  p.  351),  and  in  part  been  so  kind  as  to  communicate  personally  to  us. 

1  Comptes  Rendus,  Paris,  148,  S39,  1908. 

*  Technical  report  of  the  Advisory  Committee  for  Aeronautics  (British),  1910-11. 

*  Undertaken  on  the  initiative  of  the  representatives  of  aeronautical  science  in  Gottingen,  November,  1911. 
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phenomenon  could  not  be  explained  until  now;  according  to  our  stability  investigation  the  periodic  variations  appear 
as  a  natural  consequence  of  the  instability  of  the  symmetrical  flow.1 

It  is  also  very  interesting  to  observe  how  the  stable  configuration  is  established.  When,  for  example,  a  body  is 
set  in  motion  from  rest  (or  conversely,  the  stream  is  directed  onto  the  body)  some  kind  of  “separation  layer”  is  first 
formed,  which  gradually  rolls  itself  up,  at  first  symmetrically  on  both  sides  of  the  body,  till  some  small  disturbance 
destroys  the  symmetry,  after  which  the  periodic  motion  starts.  The  oscillatory  motion  is  then  maintained  corresponding 
to  the  regular  formation  of  left  hand  and  right  hand  vortices. 

We  have  also  made  a  second  series  of  photographs  for  the  case  of  a  body  placed  at  rest  in  a  uniform  stream  of 
water.  For  this  case  the  flow  picture  can  be  obtained  from  Fig.  2  by  the  superposition  of  a  uniform  horizontal  velocity. 
We  will  then  see  on  the  lines  drawn  through  the  vortex  centers  perpendicular  to  the  stream  direction,  some  ebbing 
point  where  the  stream  lines  intersect  and  the  velocity  is  equal  to  zero.  However,  in  the  same  way  as  the  motion  is 
affected  by  the  vibrations  of  the  experimental  body  in  the  case  of  the  motion  of  a  body  in  the  fluid,  so  in  this  case  the 
turbulence  of  the  water  stream  gives  rise  to  disturbances. 

As  to  the  quantitative  agreement  attained  by  the  theory,  it  must  be  noted  that  our  stability  conditions  refer  to 
infinite  vortex  rows,  so  that  an  agreement  of  the  ratio  h/l  with  the  measured  values  is  to  be  expected  only  at  a  certain 
distance  from  the  body.  The  measurements  on  the  photographs  show  that  the  distance  l  between  vortices  in  a  row’  is 
very  regular,  so  that  l  may  be  measured  satisfactorily,  but  per  contra  the  distance  h  is  much  more  variable,  because 
the  disturbance  of  the  vortices  takes  place  principally  in  the  direction  normal  to  the  rows,  that  is,  the  latter  undergo 
in  the  main  transverse  oscillations.  The  best  way  to  determine  the  mean  positions  of  the  centers  of  the  vortices  would 
be  by  aid  of  cinematography,  but  we  can  also,  without  any  special  difficulty,  find  by  comparison  the  mean  direction 
of  each  vortex  row  directly  from  photographs.  So  in  the  case  of  the  photograph  of  a  circular  cylinder  1.5  cm.  in  diameter, 
when  making  measurements  beyond  the  first  two  or  three  vortex  pairs  we  have  found  the  following  mean  values  for 
h  and  l 

h— 1.8  cm.;  l—OA  cm. 

So  that  for  the  ratio  h/l  we  obtain  the  value 

h/l=0.28. 

For  the  flow  around  a  plate  of  1.75  cm.  breadth  we  found 


h= 3  cm.;  I— 9.8  cm. 

Accordingly 

h/l— 0.305. 

The  agreement  with  the  theoretical  value  0.283  is  entirely  satisfactory. 

For  the  first  vortex  pair  behind  the  body,  h/l  comes  out  sensibly  larger,  somewhere  near  h/l— 0.35.  But  in  the  first 
investigation  of  Karm&n,  mentioned  at  the  beginning  of  this  paper,  the  stability  of  the  vortex  system  was  investigated 
in  such  a  way  that  all  the  vortices  with  the  exception  of  one  pair  were  maintained  at  rest  and  the  free  vortex  pair  con¬ 
sidered  oscillating  in  the  velocity  field  of  the  others.  Under  such  assumptions  it  was  found  that  h/l—l/ir  arc  cosh  V'3" = 
0.36.  We  therefore  think  that  the  conclusion  can  be  drawn,  that  in  the  neighborhood  of  the  body,  where  the  vortices 
are  even  more  limited  in  their  displacements,  the  ratio  h/l  is  greater  than  0.283  and  approaches  rather  the  value  of  0.36. 


APPLICATION  OP  THE  MOMENTUM  THEOREM  TO  THE  CALCULATION  OF  FLUID  RESISTANCE. 


Let  us  assume  that  at  a  certain  distance  behind  the  body  there  exists  a  flow  differing  but  slightly  from  the  one 
of  stable  configuration  which  we  have  established  theoretically  in  the  foregoing,  but  that  at  a  distance  in  front  of  the 
body,  which  is  great  in  comparison  with  the  size  of  the  body,  the  fluid  is  at  rest — as  it  is  quite  natural  to  assume. 
We  will  then  be  brought  by  the  application  of  the  momentum  theorem  to  a  quite  definite  expression  for  the  resistance 
which  a  body  moving  with  a  uniform  velocity  in  a  fluid  must  experience.  Practically,  by  such  a  calculation  for  the 
uniplanar  problem,  we  will  obtain  the  resistance  of  a  unit  of  length  of  an  infinite  body  placed  normally  to  the  plane 
of  the  flow. 

We  will  use  a  system  of  coordinates  moving  with  the  same  speed  u  as  the  vortex  system  behind  the  body.  In 
this  coordinate  system,  according  to  our  assumptions,  at  a  sufficient  distance  from  the  body  the  vortex  motion  behind 
the  body  as  well  as  the  fluid  state  in  front  of  the  body  will  be  steady,  and  we  will  have,  when  referred  to  this  system 
of  coordinates,  a  uniform  flow  of  speed  —  u  in  front  of  the  body,  but  behind  the  body  the  velocity  components  will 
be  expressed  by 


d\ p 

-u+b-  and 


d\p 

dr 


where  ^  is  the  real  part  of  the  complex  potential 

.  if  sin  ( z0+z )  ^ 

X’-v+H'-frlg - - 

sin  (z0-z)  j 


1  The  tone  that  is  emitted  by  a  stick  rapidly  displaced  in  air  is  flxed  by  this  periodicity,  to  which  Prof.  C.  Runge  has  already  drawn  our 
attention. 
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The  body  itself  has,  relative  to  this  system  of  coordinates,  the  velocity  U—u,  where  U  is  the  absolute  velocity  of  the 
body.  If  we  designate  by  l  the  distance  between  the  vortices  of  one  row,  there  must  take  place,  as  a  consequence 
of  the  displacement  of  the  body,  in  the  time  T—U{  U—u),  the  formation  of  a  vortex  on  each  side  of  the  body.  We 
will  calculate  the  increment  of  the  momentum,  along  the  X  axis,  in  this  time  interval  T  (that  is,  between  two  instants 
of  time  of  identical  flow  state)  and  for  a  part  of  the  flow  plane,  which  we  define  in  the  following  way  (see  fig.  3).  On 
the  sides  the  plane  portion  considered  is  limited  by  the  two  parallel  straight  lines  y—±y;  in  front  and  behind,  by 
two  straight  lines  £= Const,  disposed  at  distances  from  the  body  which  are  great  in  comparison  with  the  size  of  the 
body,  the  line  behind  the  body  being  drawn  so  as  to  pass  through  the  point  half  way  between  two  vortices  having 
inverse  rotation.  When  the  boundary  lines  are  sufficiently  far  from  the  body  we  can  consider  the  fluid  velocities  at 
those  lines  as  having  the  values  indicated  in  the  foregoing. 

For  a  space  with  the  boundaries  indicated  above  the  relation  must  exist  that  the  momentum  imparted  to  the 

body  (  Wdt  (where  If  is  the  resultant  fluid  resistance)  is  equal  to  the  difference  between  the  momentum  contained 
J  o 

in  the  space  considered  at  the  times  t—r  and  t—TJr  T  and  the  sum  of  the  inflow  momentum  and  the  time  integral 
of  the  pressure  along  the  boundary  lines.  If  we  thus  consider  as  exterior  forces  the  force  -  IF  and  the  pressure,  which 
act  on  the  whole  system  of  fluid  and  solid,  they  must  then  correspond  to  the  increment  of  the  momentum — that  is, 
to  the  excess  of  momentum  after  the  time  T  less  the  inflow  momentum. 


y 


We  will  calculate  these  momentum  parts  separately.  The  excess  of  momentum  after  the  time  T  is  equal  to  the 


difference  of  the  values  that  the  double  integral  pJJ  u  (x,  y)  dx  dy  takes  at  the  times  t=r  and  t= t+  T.  But  the 
time  interval  has  been  chosen  in  such  a  way  that  the  state  of  flow  is  identical,  with  the  difference  that  the  body  has 
been  displaced  through  the  distance  l=(  U—u)  T.  The  double  integral  reduces  thus  to  the  difference  of  the  integrals 
taken  over  the  strips  ABUT)  and  A'B'C'D'  both  of  breadth  I.  For  the  strip  A'B'C'D'  the  fluid  speed  can  be  taken 


equal  to  —  u  for  the  strip  ABCD  equal  to—  «+ 


dvfr 

g-  so  that  we 


get 


If  we  pass  to  side  boundaries  having  y  —  so  ,  we  obtain  for  /,  the  very  simple  expression 


which  can  also  be  obtained  directly  by  the  application  of  the  general  momentum  theorem  to  vortex  systems. 

We  will  unite  in  one  single  term  the  inflow  momentum  and  the  time  integral  of  the  pressure,  because  in  such  a 
way  we  will  be  led  to  more  simple  results.  If  we  consider  a  uniplanar  steady  fluid  motion  with  the  velocity  com¬ 
ponents  u  ( x ,  y)  and  v  ( x ,  y)  and  consider  a  fixed  contour  in  the  plane,  the  inflow  momentum  in  a  unit  of  time  in  the 

direction  of  X  is  expressed  by  the  closed  integral  pj(u2iff/  —  uvdx)  where  u,  v  are  the  velocities  on  the  contour.  The 
pressure  gives  the  resultant  Jpdy  along  the  X  axis,  but  since  for  a  steady  flow  the  relation 


^  x  w2-H3 
p = Const— p — g — 

must  hold,  we  thus  obtain  for  the  sum  of  both  integrals,  multiplied  by  T 

I.2— T  j p(u2dy — uvdx) Tjp  dy 


156 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


Or,  introducing  the  complex  quantity, 

-  -  &X 

we  get 

I2—p  Im  J 

where  Jm.  is  to  be  understood  as  the  complex  part  of  the  integral. 

If  we  put  for  the  contour 

u—  —u-\-u/ 
v—i/ 

then  the  terras  in  u2  will  at  once  be  eliminated,  and  also  the  terms  in  u  on  account  of  the  equality  of  the  inflow  and 
outflow;  and  there  will  remain  only  the  terms  in  un  and  u'r/ .  The  latter  will  give  a  finite  value  only  for  the  boundary 
line  passing  through  the  vortex  system  (AD  in  fig.  3).  Passing  to  77  —  00,  we  get 


and  integrating  along  AD  we  get 


But 


so  that,  integrating  and  introducing  the  values 


,  hir 

-r‘sh  1 


i£  cos 


l  cosh 


2  irx 
hir 

T 


7rJl 

where  u  again  has  been  written  for  7^  tgh7^-* 


I2= 


TP 


Thus  the  total  momentum  imparted  to  the  body  is 


If  for  the  mean  value  of  1hj  Wdt  we  write  TV  (as  the  time  mean  value  of  the  resistance)  we  will  obtain  with 
T=l/(  U—u )  the  final  formula 

(II)  W=PSj(U-2u)+p^ 

The  fluid  resistance  appears  here  expressed  by  the  three  characteristic  constants  f,  h.  I  of  the  vortex  configuration 
(as  u  is  expressed  by  the  last).  In  the  deduction  of  this  last  formula  we  did  not  take  account  of  the  stability  condi¬ 
tions,  so  that  this  formula  applies  to  any  value  of  the  ratio  h/l.  If  we  assume  the  vortices  in  the  row  to  be  brought 
all  close  together  so  that  they  are  uniformly  distributed  along  the  row,  but  in  such  a  way  that  the  vortex  intensity  per 
unit  of  length  remains  finite,  we  thus  pass  to  the  case  of  continuous  vortex  sheets.  In  this  case  f/Z=  77,  but  f2/Z=0 

and  so  that  the  fluid  resistance  disappears.  The  discontinuous  potential  flow  of  v.  Helmholtz  thus  does  not 

give  any  resistance  when  the  depth  of  the  dead  water  remains  finite,  as  can  also  be  shown  from  general  theorems. 


THE  FORMULAE  FOR  FLUID  RESISTANCE. 

Let  us  now  apply  to  our  special  case  the  general  formula  we  have  just  found,  introducing  the  relations  between 
f  and  u,  and  h  and  l  according  to  the  stability  conditions.  For  the  speed  u  we  have 

u=m 
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further, 
so  that  we  get 


h/l= 0,283 


W=Pz[o,283V8.w  ( U-2u)+  VJ 


If  we  introduce,  as  is  ordinarily  done,  the  resistance  coefficient  according  to  the  formula 

W=\pw  p  d  U2 


where  d  is  a  chosen  characteristic  dimension  of  the  body,  to  which  we  refer  the  resistance,  we  will  obtain  \pw  expressed 
by  the  two  ratios  u/  U  and  l/d  in  the  following  way 


(III) 


^w= 


£ 


0,799^ 


-0,323 


l 

d 


We  have  thus  obtained  the  resistance  coefficient — which  before  could  be  observed  only  by  resistance  measurements — 
expressed  by  two  quantities  which  can  be  taken  directly  from  the  flow  phenomenon,  viz,  the  ratio 


and 


u_  Velocity  of  the  vortex  system 
U~  Velocity  of  the  body 

Z_  Distances  apart  of  the  vortices  in  one  row 
d~~  Reference  dimension  of  the  body 


Both  quantities,  corresponding  to  the  similitude  of  the  phenomenon,  within  the  limits  of  validity  of  the  square  law 
can  depend  only  upon  the  dimension  of  the  body. 

These  two  quantities  can  be  observed  very  easily  experimentally.  The  ratio  l/d  can  be  taken  directly  from  photo¬ 
graphs,  while  the  ratio  uj  U  can  be  found  easily  by  counting  the  number  of  vortices  formed.  If  we  designate  by  T  the 
time  between  two  identical  flow  states  we  can  then  introduce  the  quantity  l0—  UT,  which  is  the  distance  the  body 
moves  in  the  period  T.  This  quantity  must  be  independent  of  velocity  for  the  same  body,  and  the  ratio  l/l0  for  similar 
bodies  must  also  be  independent  of  the  dimensions  of  the  body  but  determined  by  the  shape  of  the  body.  Remember¬ 
ing  that  T=l/(  U—u),  we  then  find  between  uj  U and  ljl0  the  simple  relation 


l 

lo 


By  some  provisional  measurements  we  have  proved  the  similitude  rule  and  afterwards  calculated  the  resistance 
coefficient  for  a  flat  plate  and  a  cylinder  disposed  normal  to  the  stream,  for  the  purpose  of  seeing  if  the  calculated  values 
agreed  with  the  air  resistance  measurements,  at  least  in  order  of  magnitude. 

Our  measurements  were  made  first  on  two  plates  of  width  1.75  and  2.70  cm.  and  25  cm.  length,  and  we  have  meas¬ 
ured  the  period  T  and  calculated  the  quantity  l0—UT  for  two  different  velocities.  We  have  used  a  chronograph 
for  time  measurements  and  the  period  was  observed  for  each  vortex  row  independently.  Thus  was  found  for  the 
narrower  plate 

17=10.0  m/sec  15.1  cm/sec 

!T=1.26  sec  0.805  sec 

f7T=12.6  cm  12.1  cm 


for  the  wider  plate 


The  ratio  of  the  plate  width  is  equal  to 


17=9.6  cm/ sec  15.5  cm/ sec 

T— 1.99  sec.  1.20  sec. 

UT=  19.1  sec.  18.6  sec. 

Mean  value  UT=  18.8  cm 


2.  70 
1.  75 


=1.54 


and  the  ratio  of  the  quantities  l0—  UT  is  equal  to 


18.  8 

12.  3 


1.52 


So  that  the  similitude  rule  is  in  any  case  confirmed. 

A  circular  cylinder  of  1.5  cm.  diameter  was  also  teasted  at  two  speeds. 


We  found  the  values 


17=11.0  cmjsec  15.8  cm/sec 

7,=0.66  sec.  0.48  sec. 

UT—7."i  cm  7.5  cm 


Mean  value  UT=7A  cm 
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Knowing  the  values  of  £0=  UT  we  can  calculate  for  the  plate  and  the  cylinder  the  speed  ratio  u/U.  Thus, 

for  the  plate  u /  £7=0.20. 
for  the  cylinder  u /  £7=0.14 

and  with  the  values  of  l  indicated  before  we  have 

for  the  plate  l/d=  5.5 
for  the  cylinder  l/d= 4.3 

where  d  is  the  plate  width  or  cylinder  diameter.  We  thus  find  the  resistance  coefficients 

for  the  plate  \£v=0.80 
for  the  cylinder  \f/w—0.46 

The  resistance  measurements  of  Foppl1  have  given  for  a  plate  with  an  aspect  ratio  of  10:1  the  resistance  coefficient 
i/'w=0.72  and  the  Eiffel2  measurements,  for  an  aspect  ratio  of  50:1;  that  is,  for  a  nearly  plane  flow,  the  value  ^=0.78. 
Further,  Foppl  has  found  fora  long  circular  cylinder  i£w=0.45,  so  that  the  agreement  between  the  calculated  and  meas¬ 
ured  resistance  coefficients  must  be  considered  as  fully  satisfactory. 

The  theoretical  investigations  here  developed  ought  to  be  extended  and  completed  in  two  directions.  First, 
we  have  limited  ourselves  to  the  uniplanar  problem;  that  is,  to  the  limiting  case  of  a  body  of  great  length  in  the  direc¬ 
tion  normal  to  the  flow.  It  is  to  be  expected  that  by  the  investigation  of  stable  vortex  configurations  in  space  we  will 
also  be  brought  to  a  better  understanding  of  the  mechanism  of  fluid  resistance.  However,  the  problem  is  rendered 
difficult  by  the  fact  that  the  translation  velocity  of  curved  vortex  filaments  is  not  any  longer  independent  of  the  size 
of  the  vortex  section,  because  to  an  infinitely  thin  filament  would  correspond  an  infinitely  great  velocity.  Never¬ 
theless,  it  must  not  be  considered  that  the  extension  of  the  theory  to  the  case  of  space  would  bring  unsurmountable 
difficulties. 

Much  more  difficult  appears  the  extension  of  the  theory  in  another  direction,  which  really  would  first  lead  to  a 
complete  understanding  of  the  theory  of  fluid  resistance,  namely,  the  evaluation  by  pure  calculation  of  the  ratios 
l/d  and  u/U,  which  we  have  found  from  flow  observations,  and  which  determine  the  fluid  resistance.  This  problem 
can  not  be  solved  without  investigation  of  the  process  of  vortex  formation.  An  apparent  contradiction  is  brought  out 
by  the  fact  that  we  have  used  only  the  theorems  established  for  perfect  fluids,  which  in  such  a  fluid  (frictionless  fluid) 
no  vortices  can  be  formed.  This  contradiction  is  explained  by  the  fact  that  we  can  everywhere  neglect  friction  except 
at  the  surface  of  the  body.  It  can  be  shown  that  the  friction  forces  tend  to  zero  when  the  friction  coefficient  decreases, 
but  the  vortex  intensity  remains  finite.  If  we  thus  consider  the  perfect  fluid  as  the  limiting  case  of  a  viscous  fluid, 
then  the  law  of  vortex  formation  must  be  limited  by  the  condition  that  only  those  fluid  particles  can  receive  rotation 
which  have  been  in  contact  with  the  surface  of  the  body. 

This  idea  appear  first,  in  a  perfectly  clear  way,  in  the  Prandtl  theory  of  fluids  having  small  friction.  The  Prandtl 
theory  investigates  those  phenomena  which  take  place  in  a  layer  at  the  surface  of  the  body,  and  the  way  in  which  the 
separation  of  the  flow  from  the  surface  of  the  body  occurs.  It  we  could  succeed  in  bringing  into  relation  these  inves¬ 
tigations  on  the  method  of  separation  of  the  stream  from  the  wall  with  the  calculation  of  stable  configuration  of  vortex 
films  formed  in  any  way  whatever,  as  has  been  explained  in  the  foregoing  pages,  then  this  would  evidently  mean 
great  progress.  Whether  or  not  this  would  meet  with  great  difficulties  can  not  at  the  present  time  be  stated. 


1  See  the  work  of  O.  Foppl  already  mentioned. 

*  G.  Eiffel,  “La  Resistance  de  l’Air  et  l’Aviation,”  p.  47,  Paris.  1310. 
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THE  GENERAL  THEORY  OF  BLADE  SCREWS. 

INCLUDING  PROPELLERS,  FANS,  HELICOPTER  SCREWS,  HELICOIDAL  PUMPS,  TURBO-MOTORS,  AND  DIFFERENT  KINDS 

OF  HELICOIDAL  BRAKES. 

By  George  de  Bothezat. 


INTRODUCTION. 

The  present  theory  gives  a  complete  picture  and  an  exact  quantitative  analysis  of  the 
whole  phenomenon  of  the  working  of  the  blade  screw.1  This  theory  not  only  includes  all  cases 
of  applications  of  blade  screws,  but  also  unites  in  a  continuous  whole  the  entire  scale  of  states 
of  work  conceivable  for  a  blade  screw. 

For  the  study  of  the  phenomenon  of  the  working  of  blade  screws,  I  adopt  as  fundamental 
parameter  a  quantity  which  I  call  relative  'pitch.  The  relative  pitch  is  the  pitch  of  the  trajectory 
of  a  section  of  the  screw  blade,  measured  by  taking  the  pitch  of  the  blade  section  itself  as  unity. 
I  call  specific  function  the  ratio  of  the  thrust  power  to  the  torque  power  of  the  blade  screw 
The  curve  of  the  specific  function,  as  shown  in  the  annexed  illustration,2  unfolds  the  com¬ 
plete  cycle  of  all  the  states  of  the  work  possible  for  a  screw.  For  negative  values,  great  in 
absolute  value,  of  the  relative  pitch,  the  specific  function  is  directed  toward  the  origin  of  the 
coordinates  by  a  sensibly  rectilinear  parabolic  branch.  Here  we  find  ourselves  in  the  region 
of  the  screw  working  as  a  brake,  characterized  by  the  property  that  the  fluid  stream  crossing 
the  area  swept  by  the  blades  of  the  screw  has  the  same  sense  as  the  velocity  of  the  fluid 
current  directed  on  the  screw.  The  segment  of  this  branch  of  the  specific  function  which 
is  close  to  the  origin  and  is  indicated  by  dots  on  the  annexed  drawing  corresponds  to  a 
phenomenon  discovered  in  a  purely  analytical  manner,  for  the  first  time,  by  the  present 
theory,  which  I  have  named  the  vortex  ring  working  state.  This  phenomenon  takes  place  in 
the  following  order:  One  imagines  the  screw  working  in  the  above-mentioned  brake  state  and 
considers  the  progressive  lessening  of  its  translational  speed.  Under  these  conditions  a  moment 
arrives  when  a  surface  of  separation  is  formed  in  the  wake  of  the  screw  across  which  there  is 
no  fluid  flow.  Directly  after  its  formation  the  surface  of  separation  resolves  itself  into  two 
surfaces;  and  a  vortex  ring,  the  axis  of  which  coincides  with  the  axis  of  the  screw,  appears  in 
the  space  thus  formed.  Tho  two  surfaces  of  separation  which  inclose  the  vortex  ring  move 
progressively  apart,  and  a  moment  arrives  when  one  of  these  surfaces  crosses  the  space  swept 
by  tho  blades  of  the  screw.  This  moment  corresponds  to  the  change  of  sense  of  the  fluid  stream 
crossing  the  plane  of  tho  screw,  and  at  that  moment  the  screw’  tends  to  make  an  infinite  number 
of  revolutions.  The  curvo  of  the  specific  function  reaches  the  origin  by  a  cusp.  This  is 
tho  whirling  phenomenon, 3  immediately  followed  by  a  new  brake  state  of  work  represented 
by  a  loop  on  the  curve  of  the  specific  function.  This  latter  state  of  brake  work  is  terminated 
by  the  work  of  the  screw  at  a  fixed  point,  when  the  specific  function  once  more  reaches 
the  origin.  The  blade  screw  fulfills  then  the  functions  of  a  ventilator,  a  helicoidal  pump  or  a 
helicopter.  When  we  enter  the  region  of  positive  values  of  the  relative  pitch,  the  screws 

1  The  author  allows  himself  to  Introduce  the  term  “blade  screw"  as  general  designation  of  any  kind  of  screw  fitted  with  blades. 

2  See  also  figure  A,  p.  40. 

a  The  whirling  phenomenon  is  often  observed  in  the  braking  of  ships  by  means  of  the  screw.  There  is  a  moment  when  a  sudden  jerk  on  the 
engines  is  observed,  and  the  engines  themselves  tend  to  accelerate.  In  practical  navigation  this  phenomenon  has  been  considered  as  accidental. 
It  is,  however,  a  quite  regular  phenomenon,  which  detects  the  moment  of  change  in  the  direction  of  the  stream  of  water  flowing  across  the  screw. 
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becomes  propulsive  and  the  specific  function  represents  the  efficiency  of  the  propeller.  After 
having  passed  a  maximum,  the  specific  function  decreases  rapidly,  and,  passing  through  zero 
value,  brings  us  to  a  short  interval  of  breakage,  which  asymptotically  goes  over  to  the  turbine 
work  of  the  screw.  In  this  latter  interval  the  specific  function  represents  the  inverse  of  the 
efficiency  of  the  turbo-motor.  After  having  passed  a  minimum  which  corresponds  to  the 
maximum  of  tho  turbo-motor  efficiency,  the  specific  function,  by  a  parabolic  branch,  quasi- 
rectilinear,  disappears  into  infinity,  which  corresponds  to  the  stoppage  of  the  screw  in  a  current 
directed  on  tho  screw.  All  this  sequence  of  phenomena  corresponds  to  the  rotation  of  the 
screw  in  one  sense.  By  the  rotation  of  the  screw  in  an  inverse  sense,  we  obtain  the  series  of 
phenomena  of  reverse  rotation,  which  forms,  as  it  were,  the  reflected  image  of  the  phenomena 


of  direct  rotation.  The  general  equation  of  the  specific  function  thus  obtained  leads  directly 
to  the  determination  of  the  most  favorable  conditions  of  screw  working  in  all  the  series  of  its 
applications.  The  maxima  and  minima  of  the  specific  function  correspond  exactly  to  the 
maximum  of  efficiency  of  the  different  working  states  of  a  blade  screw,  separated  from  one 
another  by  zero  or  infinite  values  of  the  specific  function.  We  are  thus  naturally  brought  to 
methods  of  calculation  of  blade  screws  in  conditions  of  maximum  efficiency.  The  system  of 
fundamental  equations  obtained  by  us  thus  shows  all  the  properties  of  the  blade  screws  in  all 
the  variety  of  their  working  conditions.  We  thus  obtain  a  complete  solution  of  the  whole 
series  of  those  important  problems  which  have  been  standing  so  long  owing  to  the  requirements 
of  practice  in  the  applications  of  blade  screws,  and  which  have,  up  to  the  present,  remained 
without  any  satisfactory  solution. 
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I  have  arrived  at  all  these  results,  on  the  one  hand,  by  the  conceptional  definition  of  the 
screw  problem  of  which  the  normal  working  conditions  are  the  expression,  and,  on  the  other 
hand,  by  the  employment  of  a  method  of  solving  hydrodynamic  problems,  which  I  call  the 
empirical-theoretical  method.  These  two  sides  of  the  question  are  of  such  importance  that  I 
must  stop  to  examine  them  generally. 

What  is  exactly  meant  by  speaking  of  the  exact  solution  of  a  problem  ?  When  a  new 
problem  is  raised,  before  proceeding  to  its  solution  two  stages  should  be  distinguished.  The 
first,  the  most  difficult  to  reach,  is  that  in  which  the  thought  seeks  to  formulate  the  statement 
of  the  question.  It  is  only  afterwards,  when  the  problem  has  been  formulated,  that  we  can, 
properly  speaking,  approach  a  solution.  All  the  great  scientific  conquests  of  human  thought 
have  begun  by  a  powerful  conception  of  the  problem  to  be  solved.  The  conceptional  defini¬ 
tion  of  a  problem  is  distinguished  by  the  fact  that  it  is  only  an  abstraction  from  the  world  of 
our  sensations,  only  a  mental  approximation  to  the  reality  of  the  external  world.  A  simple 
example  will  suffice  to  give  point  to  my  idea.  Let  us  take  the  problem  of  the  motion  of  a 
rigid  body.  It  is  a  well-known  fact  that  in  nature  no  solids  exist  in  the  absolute  meaning  of 
mechanics.  So  all  the  mechanics  of  the  solid  is  only  an  approximation  to  reality;  but  the 
whole  value  of  this  approximation  lies  in  the  fact  that  numerous  natural  bodies  approach  in 
certain  conditions  so  nearly  to  an  absolute  rigidity  that  the  established  laws  of  the  mechanics 
of  solids  give  a  description  of  actual  solids,  which,  in  general,  exceeds  all  the  demands  of  the 
applied  sciences.  The  problem  once  stated,  an  exact  solution  can  be  sought.  It  is  only  of  the 
exactitude  of  the  solution  that  there  can  be  question.  All  problems  in  themselves  can  only 
be  approximations  to  reality.  That  is  why  we  should  never  insist  too  much  on  finding  exact 
solutions  of  problems  which  present  too  considerable  difficulties.  The  whole  value  of  numerous 
methods  of  approximation  lies  in  the  fact  that  the  results  obtained  are,  so  to  speak,  of  the  same 
degree  of  exactitude  as  the  conception  of  the  problem.  Important  problems  remain  long  with¬ 
out  being  solved  only  because  their  very  conception  has  not  been  sufficiently  thought  out. 
The  blade  screw  is  an  example  of  such.  A  more  thorough  conception,  while  making  the  solu¬ 
tion  easier,  often  brings  us  still  nearer  to  reality. 

The  empirical-theoretical  method  to  which  I  have  had  recourse  for  the  solution  of  the 
screw  problem,  presents  a  certain  analogy  to  the  general  method  of  solving  problems  of  the 
theory  of  elasticity.  At  one  time  scientists  tried  to  deduce  the  elastic  properties  of  solid  bodies 
starting  from  the  hypothesis  of  the  molecular  structure  of  bodies.  But  real  progress  in  the 
theory  of  elasticity  was  only  obtained  when  this  risky  method  was  abandoned.  In  order  to 
establish  the  elastic  properties  of  solids,  the  modem  theory  of  elasticity  has  recourse  to  direct 
experiment,  and,  based  on  the  data  of  tins  latter,  it  connects  the  complex  cases  with  the  simple 
one  by  the  help  of  the  fundamental  propositions  of  mechanics.  This,  in  my  opinion,  is  what 
should  be  done  with  regard  to  the  solution  of  the  problem  of  hydrodynamic  resistance.  Find 
out  the  factors  which  depend  on  the  physical  nature  of  the  fluid  and  the  surfaces  in  contact, 
and  for  their  numerical  values  fall  back  on  direct  experiment.  Then  from  the  knowledge  of  these 
factors,  once  they  are  determined,  the  results  which  mechanics  allow  to  be  established  must 
be  drawn.  I  know  well  all  the  methods  which  have  been  proposed  for  the  solution  of  the 
problem  of  hydrodynamic  resistance  of  fluids.  These  methods  have  all  the  following  scheme: 
First  of  all,  by  aid  of  some  hypothesis  the  fundamental  characteristics  of  the  flow  around  the 
solid  in  motion  are  sought.  Afterwards  the  distribution  of  velocities  in  the  fluid  mass  is  cal¬ 
culated.  From  the  latter  one  finds  the  pressure  distribution,  the  resultant  of  which  at  the 
surface  of  the  body  ought  to  represent  the  hydrodynamic  resistance  of  the  fluid.  Thus  Euler’s 
method  consists  in  supposing  the  flow  of  the  fluid  to  be  continuous  and  allowing  a  potential 
function  for  the  fluid  velocity.  This  conception  of  the  phenomenon  leads  to  the  conclusion 
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that  all  bodies  immersed  in  a  fluid  do  not  show  any  hydrodynamical  resistance,  which  is  in 
flagrant  contradiction  to  experiment.  In  order  to  explain  the  phenomenon  of  fluid  resistance, 
Helmholtz  has  supposed  the  formation  behind  the  body  of  surfaces  of  discontinuity,  to 
which  he  had  been  led  in  studying  the  flow  of  fluids  through  orifices.  This  method  has  been 
developed  by  Kirchhoff  and  Lord  Rayleigh.  The  value  of  the  hydrodynamic  resistance 
obtained  by  this  method  is,  however,  less  than  that  furnished  by  experiment.  The  cause 
of  this  divergence  lies  in  the  fact  that  this  type  of  flow  is  unstable,  the  viscosity  of  the 
fluid  destroying  the  surfaces  of  discontinuity.  Of  late  years  W.  M.  Kutta,1  having  estab¬ 
lished,  in  the  case  of  movements  parallel  to  a  plane,  the  relation  between  the  circulation 
over  a  contour  embracing  a  cylindrical  solid  and  its  hydrodynamical  resistance,  tried  to 
determine  this  latter  by  studying  some  types  of  flow  around  solids,  which,  although 
stream-lined,  furnished  a  finite  value  of  the  circulation  around  the  cylinder.  To  Messrs.  S. 
Tchapliguine  and  N.  Joukowski 2  we  owe  numerous  developments  and  applications  of  this 
method.  The  authors  of  this  theory  have  been  able  to  calculate  the  lift  furnished  by  the 
cylindrical  body,  but  the  value  obtained  does  not  fully  agree  with  experiment.  As  for  the 
drag,  it  escaped  their  investigations.  I  have  therefore  endeavored  to  give  a  general  demon¬ 
stration  of  the  theorem  of  circulation  which  explains  this  misunderstanding  and  which  will 
be  found  in  Note  IV  at  the  end  of  this  memoir.  This  theorem  referred  to  above  does  not 
furnish  a  zero  value  of  the  drag,  and  its  authors  arrived  at  this  conclusion  only  by  the  fact 
of  supposing  the  fluid  to  be  perfect,  a  hypothesis  quite  superfluous  and  entirely  unneces¬ 
sary  for  the  establishment  of  this  theorem.  But  this  theorem,  when  understood  in  its  widest 
sense,  does  not  lead  to  the  solution  of  the  problem  of  hydrodynamic  resistance,  since  the  values 
obtained  for  the  circulation  depend  on  the  type  of  flow  assumed,  which  still  remains  to  be  deter¬ 
mined.  This  latter  question  of  the  type  of  flow  is  excellently  stated  by  M.  V.  Karman,3  who  pro¬ 
poses  to  determine  the  hydrodynamical  resistance  starting  from  the  estimation  of  the  momen¬ 
tum  of  the  vortices  in  quincunx,  which  are  formed  behind  the  cylindrical  solid  in  uniform 
rectilinear  motion  in  a  fluid.  This  theory,  applied  up  to  the  present  only  to  the  most  simple 
cases,  gives  results  which  agree  better  than  all  the  other  theories  with  experiment.  All  the 
attempts  enumerated  above,  although  quite  erudite,  can  not  give  us  the  value  of  the  hydro¬ 
dynamical  resistance  for  all  the  cases  demanded  by  technique,  and  we  are  always  obliged  to 
resort  to  experiment  for  its  determination.  How  ought  we  to  proceed  when  a  problem  of 
hydrodynamical  resistance  bars  the  way  to  our  investigations  ?  It  is  by  the  empirical-theo¬ 
retical  method  that  I  find  the  means  of  circumventing  this  difficulty.  This  method  really 
consists  in  reversing  the  question.  We  do  not  propose  to  calculate  the  hydrodynamical  resist¬ 
ance  starting  from  the  type  of  flow  of  the  fluid,  but,  inversely,  it  is  the  flow  of  the  fluid  that 
we  shall  try  to  determine,  starting  with  the  knowledge  of  the  hydrodynamical  resistance  meas¬ 
ured  experimentally.  In  general,  the  empirical-theoretical  method  can  be  characterized  as 
follows:  All  the  space  in  which  a  hydrodynamical  phenomenon  takes  place  is  divided  into  two 
kinds  of  regions.  In  some  of  these  regions  the  hydrodynamical  resistances  are,  so  to  speak, 
concentrated;  in  the  others  they  are  absent.  The  hydrodynamical  resistances  once  experi¬ 
mentally  measured,  the  connections  between  the  two  kinds  of  regions  are  established  by  means 
of  the  general  theorems  of  mechanics  and  hydrodynamics,  the  phenomena  which  take  place 
in  the  second  kind  of  region  being  considered  as  under  the  laws  of  perfect  fluids. 

1  Sec  W.  M.  Kutta,  “Illustrirte  Aeronautische  Mitteilungen,”  1902,  and  “Sitzungsbericlite  dor  Koenigliehen  Bayerlschen  Akademie  der  Wis- 
senschaften,”  Munich,  1910  and  1911. 

‘See  “L’aerodynamique,”  by  N.  Joukowski,  Paris,  1916,  Ck.  VI,  §§  18, 19,  20. 

*See  V.  Karman,  “Naehrichten  von  der  Koenigliehen  Gesellschaft  der  Wissenschaften  zu  Gottingen,”  1911,  and  "Physikaliscke  Zeitschrift, 
1912. 
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Returning  after  the  preceding  general  considerations  to  the  examination  of  our  screw 
problem,  I  shall  begin  by  its  definition.  Like  all  conceptional  definitions,  this  will  only  approxi¬ 
mate  reality  to  a  certain  degree.  But  the  value  of  our  formulation  of  the  problem  lies  in  the 
fact  that  it  leads  us  to  a  solution  of  this  latter  which  satisfies  all  the  demands  of  the  technique 
of  the  application  of  blade  screws. 

The  following,  in  accordance  with  the  empirical-theoretical  method,  is  my  conception  of 
the  blade-screw  problem.  In  order  to  fix  the  ideas,  I  will  assume  that  the  screw  is  a  propeller. 
I  divide  the  slip  stream  created  by  the  rotation  of  the  blade  screw  into  three  domains.  The 
first  is  that  part  of  the  stream  which  is  disposed  forward  of  the  screw  and  up  to  the  section  of 
the  stream  which  the  local  phenomena  created  by  the  rotation  of  the  blades  have  not  reached. 
The  second  domain,  which  contains  the  screw,  immediately  follows  the  first  and  incloses  that 
part  of  the  stream  immediately  disturbed  by  the  rotation  of  the  screw  blades.  I  define  this 
second  domain  by  the  condition  that  the  differences  of  pressures  on  the  two  limiting  sections 
are  actually  equal  to  the  thrust  produced  by  the  screw.  The  third  domain  is  the  direct  pro¬ 
longation  of  the  second  counted  up  to  the  narrowest  section  of  the  slip  stream  created  by  the 
screw  rotation.  I  assume  that  the  flow  of  the  fluid  in  the  first  and  third  domains  obeys  the 
laws  of  perfect  fluids,  while  the  phenomena  taking  place  in  the  second  region  are  estimated  by 
direct  experiment.  As  regards  the  fluid  stream  running  out  of  the  third  region,  I  assume  that 
its  velocity  is  progressively  dissipated  by  the  viscosity  of  the  fluid.  The  above  enumerated 
conditions  constitute  what  I  call  the  normal  conditions  of  the  working  of  a,  Hade  screw.  I  call 
neighboring  conditions  all  the  circumstances  which  deviate  from  normal  conditions. 

The  conception  of  a  problem  can  only  be  judged  by  the  conclusions  to  which  it  leads.  The 
results  stated  in  this  memoir  will,  I  hope,  be  the  most  eloquent  evidence  in  favor  of  our  con¬ 
ception  of  the  screw  problem.  I  should  like  to  mention  that  it  has  been  quite  impossible  for 
me  to  deal  with  all  the  questions  which  my  conception  of  the  screw  problem  raises.  I  have 
concentrated  my  efforts  above  all  on  the  problems  which  appear  to  me  to  be  the  most  important 
for  practice.  Time  itself,  as  it  passes,  will,  no  doubt,  reveal,  better  than  I  may  have  been 
able  to  do  here,  many  sides  of  the  widespread  screw  problem  upon  which  I  have  often  only 
touched.  In  many  cases  I  may  have  only  raised  the  veil  of  mystery  which  up  to  the  present 
has  concealed  so  jealously  from  our  eyes  many  sides  of  the  phenomenon  of  the  blade  screw 
working,  and  have  outlined  only  their  general  picture.  But  I  allow  myself  to  believe  that  the 
results  which  I  have  obtained  are  fully  sufficient  for  the  exact  calculation,  in  full  certitude,  of 
blade  screws  of  the  highest  possible  efficiency  for  the  states  of  work  submitted  by  me  to  a 
detailed  study. 

It  is  also  to  be  mentioned  that,  strictly  speaking,  the  blade-screw  theory  can  only  be  an 
integral  theory,  because  in  principle  the  problem  of  calculation  of  the  hydrodynamical  resistance 
is  defined  by  integral  relations.  But  the  present  theory  is  rather  a  differential  theory,  in  the 
sense  that  it  is  based  on  a  system  of  differential  relations.  The  possibility  of  such  a  simplifica¬ 
tion  is  the  result  of  some  assumptions  which  seem  to  be  so  close  to  reality,  by  the  results  to 
which  they  lead,  that  the  transition  to  a  necessarily  more  complicated  integral 1  theory  is  not 
practically  demanded. 

To  some  it  may  seem  that  this  theory  contains  many  assumptions.  But  I  must  say  that 
the  present  theory  contains  fewer  assumptions  than  any  earlier  theory.  I  have  only  devoted 
special  attention  to  indicate  all  the  assumptions  made,  which  was  often  neglected.  And  I  will 
also  ask  that  one  consider  all  the  assumptions  made,  not  so  much  in  themselves  as  in  the  con¬ 
sequences  to  which  they  lead. 


i  The  general  outlines  of  the  blade-screw  Integral  theory  will  be  found  in  Note  VI  at  the  end  of  this  Memoir. 
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I  wish  also  to  point  out  to  those  about  to  verify  the  present  theory  by  experiment  two 
circumstances  which  disturb,  as  it  were,  the  purity  of  the  phenomenon:  on  the  one  hand,  the 
deformation  of  the  screw  blades,  on  the  other  hand,  the  deviation  of  the  fluid  resistance  from 
the  square  law  for  the  velocity.  It  often  happens  that  when  the  angular  velocity  of  the  screw 
increases,  the  blades  undergo  a  certain  distortion  or  flexion  owing  to  the  load  to  which  they 
are  subjected.  This  causes  a  modification  of  the  general  shape  of  the  blades,  which  although 
generally  small,  has  an  immediate  effect  on  the  results  of  testing.  As  to  the  square  law  for  the 
velocity,  it  is  well  known  to  he  only  a  first  approximation,  and  can  be  applied  only  in  certain 
intervals  of  the  velocity  variation  for  which  the  coefficients  of  resistance  ought  to  be  directly 
measured.  When  the  coefficients  of  resistance  are  taken  as  constant  in  large  intervals  of  the 
velocity  variation  the  results  of  the  calculations  raise  differences  which  have  to  he  attributed 
to  the  deviation  of  the  fluid  resistance  from  the  square  law'  for  the  velocity. 

In  conclusion  I  shall  give  a  general  summary  of  the  chief  results  obtained  at  this  time  in 
this  memoir. 

Chapter  I  is  devoted  to  the  establishment  of  the  system  of  fundamental  equations  relating 
to  the  blade  screw.  The  theorems  of  momentum  and  of  moments  of  momentum  are  submitted 
to  a  critical  examination  in  their  application  to  the  screw.  A  complete  picture  of  the  flow  of 
the  fluid  in  the  slip  stream  created  by  the  rotation  of  the  screw  is  given.  The  examination  of 
the  distribution  of  the  pressures  in  this  fluid  stream  leads  to  the  generalization  of  Bernouilli’s 
theorem  showm  in  Note  II  at  the  end  of  this  memoir.  The  reasons  which  make  negligible  the 
mutual  influence  of  the  different  sections  of  a  blade  are  indicated.  It  is  shown  that  the  effective 
pitch  alone,  as  opposed  to  the  constructive  pitch,  can  serve  to  describe  the  properties  of  the  screw. 
The  fundamental  theorem  registering  the  losses  in  the  work  of  the  screw  is  established.  The 
explicit  expressions  of  the  velocities  in  the  slip  stream  produced  by  the  rotation  of  the  screw — 
which  I  call  slip  and  race  velocities — are  calculated  both  forward  of  the  screw  and  in  its  w'ake, 
as  functions  of  the  dimensions  of  the  screw  and  the  coefficients  of  resistance.  Rigorous  demon¬ 
stration  is  given  of  the  fact  already  known,  but  generalized  by  us,  that  the  specific  function  is  a 
function  of  the  relative  pitch  alone.  All  the  general  data  of  the  empirical  laws  of  fluid  resistance 
of  which  use  is  made  are  stated  in  Note  III  at  the  end  of  this  memoir. 

Chapter  II  contains  the  general  discussion  of  the  16  states  of  work  which  may  establish 
themselves  for  a  blade  screw.  The  existence  of  the  vortex  ring  state  and  the  whirling  phenom¬ 
enon  are  established.  All  the  fundamental  functions  which  enter  the  blade-screw  theory  are 
submitted  to  a  general  analytical  discussion.  The  general  outline  of  the  curve  of  the  specific 
function  is  examined.  Finally,  I  have  pointed  out  two  limited  cases  of  the  work  of  the  screw; 
the  screw  with  a  zero  constructive  pitch  and  the  screw  with  an  infinite  constructive  pitch. 
The  consideration  of  the  effective  pitches  explains  the  paradoxes  apparently  realized  by  these 
cases. 

Chapter  III  is  devoted  to  the  study  of  the  propulsive  screw  or  propeller.  I  give,  first  of  all, 
a  comparative  summary  of  the  general  formulae  for  the  working  of  the  screw  when  advancing 
and  when  standing  at  a  fixed  point.  I  establish  the  fundamental  proposition  that  when  a  screw 
is  working  at  a  fixed  point  the  angles  of  attack  of  all  the  sections  are  constant,  independently  of  the 
angular  velocity  of  rotation  of  the  screw.  Then  the  losses  of  the  screw’s  working  power  are  esti¬ 
mated.  These  I  divide  into  three  classes:  the  fan  losses,  the  vortex  losses  and  the  resistance 
losses.  The  most  favorable  working  conditions  of  a  blade  section  are  established.  I  establish 
the  approximate  proposition  that  when  a  blade  section  works  at  its  maximum  of  partial  effi¬ 
ciency,  its  slip  measures  the  losses,  its  efficiency  is  equal  to  its  relative  pitch.  An  exact  standard 
is  given  for  choosing  the  most  profitable  outlines  to  adopt  for  screw  blade  sections.  I  deal  with 
the  question  of  the  limiting  dimensions  of  the  blades,  their  limited  number  and  mutual  inter- 
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ference.  It  is  shown  that,  for  given  working  conditions,  there  exists  a  limit  power  which  a 
screw  can  employ  usefully.  In  the  analysis  of  these  questions  the  new  notion  of  breadth  ratio 
is  naturally  evolved.  Among  other  experiments,  those  of  G.  Eiffel  with  two  coupled  screws, 
the  bringing  of  which  nearer  together  in  the  inverse  sense  of  their  rotation  has  increased  the 
efficiency,  find  a  direct  explanation.  I  then  proceed  to  the  valuation  of  the  total  work  of 
all  the  sections  of  the  blades.  A  geometrical  interpretation  is  given  to  the  question  of  the 
total  efficiency  of  a  blade  screw,  which  establishes  the  direct  relations  between  the  partial  and 
total  efficiencies.  I  examine  the  question  of  the  effective  pitch  of  the  entire  screw.  I  then 
pass  to  the  integration  of  the  work  of  different  sections  of  the  blade,  and  give  a  general  dis¬ 
cussion  of  the  different  conditions  which  may  occur  in  this  integration.  After  an  examination 
of  certain  properties  of  the  integrals  obtained,  I  compare  the  working  of  the  propeller  in 
forward  motion  with  its  working  at  a  fixed  point.  The  question  of  investigation  of  the  best 
contour  to  give  to  the  blades  is  stated  as  a  problem  of  calculus  of  variation.  The  problem 
of  design  and  the  calculus  of  the  dimensions  of  propellers  is  made  the  subject  of  detailed 
study.  In  order  to  solve  the  fundamental  relations  which  give  the  value  of  the  angle  of 
attack  effectively  established  in  each  section  and  which  can  not  be  solved  by  ordinary  methods, 
I  have  prepared  a  monogram  with  four  parameters,  according  to  M.  d’Oc ague’s  method  of 
parallel  tangent  coordinates.  A  second  monogram  has  been  prepared  in  order  to  facilitate 
the  calculus  of  the  function  az  and  the  load  efficiency  g,  but  this  evidently  has  not  the  impor¬ 
tance  of  the  former,  since  the  relations  for  which  it  gives  numerical  values  may  be  calculated 
directly.  The  problem  of  the  calculus  and  design  of  propulsive  screws  is  thus  entirely  solved 
in  the  widest  sense  for  all  the  demands  of  practice.  Finally,  I  handle  the  important  question 
of  the  selection  and  adaptation  of  screws.  I  am  led  to  establish  the  new  notion  of  uniform 
families  of  screws  divided  into  varieties.  Up  to  the  present  this  has  generally  been  limited  to 
screws  geometrically  similar.  I  introduce  the  notion  of  screws  which  are,  so  to  speak,  hydro¬ 
dynamic-ally  alike.  When  we  compare  screws  among  themselves,  it  is  natural  to  imagine  the 
different  sections  of  blades  in  similar  worldng  conditions,  what  directly  leads  to  functional 
relations  connecting  all  screws  of  the  same  variety.  Hydrodynamic  similarity  is  realized  when 
homologous  sections  of  the  blades  of  the  screws  of  the  family  under  consideration  are  geomet¬ 
rically  similar  and  when  the  relative  fluid  current  is  directed  upon  them  under  the  same  inci¬ 
dences.  It  is  thus  that  the  notion  of  variety  of  a  uniform  family  is  revealed  and  characterized 
by  the  similarity  of  homologous  blade  sections,  independent  of  their  effective  pitches,  and  by  the 
identity  of  the  system  <5  (i)  of  effective  angles  of  attack  of  all  the  sections  of  each  blade  of  these 
screws.  But  the  introduction  of  the  system  of  angles  of  attack  5 (i)  as  a  fundamental  character¬ 
istic  became  possible  when  explicit  relations  were  established  between  the  effective  angles  of 
attack,  the  geometrical  and  hydrodynamic al  characteristics  of  screws,  and  their  working  condi¬ 
tions,  results  attained  for  the  first  time  in  this  thesis.  That  is  why  we  can  now  fix  in  this  way  the 
mutual  orientations  of  the  different  sections  of  blades  whose  evolutes  in  the  plane  are  geomet¬ 
rically  similar.  It  is  the  latter  possibility  which  forms  the  basis  of  the  theory  of  uniform 
families  and  which  leads  us  to  the  solution  of  the  delicate  problem  of  the  selection  and  adaptation 
of  screws.  I  am  thus  brought  to  divide  screws  into  three  kinds — major  screws,  optima  or 
maxima  screws,  and  minor  screws — all  of  which  essentially  differ  in  their  general  properties. 

I  establish  three  fundamental  relations  connecting  all  the  screws  of  one  variety  and  allowing  of 
a  direct  solution,  by  the  reading  of  a  simple  diagram,  of  all  the  infinite  series  of  screws  satisfy¬ 
ing  the  conditions  of  speed,  power,  and  number  of  revolutions  for  a  given  case.  I  indicate 
the  process  of  the  testing  screw  for  choosing  propellers  in  case  the  drag  or  head  resistance  of  the 
vehicle  of  locomotion  in  view  is  unknown,  which  is  usually  the  case  in  practice.  The  influence 
of  the  number  of  revolutions  on  the  efficiency  and  size  of  screws  is  examined  in  outline.  Note 


166 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


V,  at  the  end  of  this  article,  gives  the  geometrical  basis  of  the  conventions  used  for  screw 
drawings. 

Chapter  IV  summarizes  a  new  method  of  determining  the  coefficients  of  fluid  resistance 
based  on  the  properties  of  the  screw  revealed  by  the  present  theory.  This  method  forms,  so 
to  speak,  the  basis  of  all  the  experimental  data  necessary  for  the  calculus  of  screws  in  exactly 
the  same  conditions  of  screw  working.  This  is  one  of  the  most  convenient  methods,  since  it 
only  demands  tests  at  a  fixed  point  of  screws  with  plane-radial  blades.  I  give  a  brief  summary 
of  the  general  properties  of  this  new  type  of  plane-radial  screws,  of  which  the  method  I  stated 
above  establishes  an  important  application.  This  short  incursion  into  the  domain  of  screws 
working  at  a  fixed  point  easily  shows  us  how  copiously  the  working  of  the  screw  in  all  the 
deviations  of  its  applications,  of  which  the  working  at  a  fixed  point  has  stemed  until  now  the 
most  difficult  to  grasp,  has  been  effectually  included  in  the  present  theory.  We  find  to  the 
contrary  in  the  light  of  the  actual  theory  that  it  is  the  most  simple  case. 

This  first  memoir  thus  contains,  besides  a  general  summary  of  the  whole  screw  problem, 
a  detailed  study  of  the  propulsive  screw— that  is,  the  propeller — and  the  different  questions 
in  connection  with  it.  A  second  memoir,  directly  continuing  this  one,  will  contain  a  special 
study  of  screws  at  a  fixed  point  in  their  different  applications,  principally  when  used  as  fans 
and  as  helicopters,  as  well  as  a  detailed  study  of  the  turbo-motor  screws,  especially  as  aerotur- 
bines,  that  is  to  say,  as  windmills. 

Finally,  I  can  not  refrain  from  expressing  the  wish  to  see  special  laboratories  set  apart 
for  the  special  study,  in  the  light  of  the  present  theory,  of  the  domain  of  the  blade  screw,  still 
so  new,  so  widespread,  and  important  from  the  point  of  view  of  universal  social  economy.  It 
is  sufficient  to  bear  in  mind  for  one  moment  the  important  uses  to  which  blade  screws  may  be 
applied,  if  only  in  shipping  and  aeronautics,  without  mentioning  other  applications,  such  as 
fans,  turbines,  etc. — to  imagine  the  enormous  supplies  of  energy  which  the  screw  is  the  instru¬ 
ment  of  utilizing — to  see  the  importance  arising  from  its  study.  Every  percentage  gained  in 
the  efficiency  of  screws  is  expressed  by  an  equivalent  total  of  multimillions  of  fuel  economy. 
All  the  power  of  marine  and  aerial  fleets  is  directly  based  on  the  perfection  of  thb  screws 
employed.  The  screw  thus  appears  as  an  important  State  Question,  and  that  is  why  nothing 
that  can  contribute  to  its  perfection  should  be  neglected.  The  results  obtained  by  the  present 
theory  will  be  valued  the  more  quickly  and  powerfully  the  more  rapidly  are  created  special 
organizations  furnished  with  all  the  necessary  material  for  the  pursuit  of  the  possibilities  here 
developed.  The  program  of  activity  of  such  laboratories  is  already  drawn  up.  Tools  and 
instruments  for  all  the  indispensable  tests  should  be  collected,  and  every  effort  concentrated 
to  obtain  the  whole  of  the  experimental  data  necessary  for  the  calculation  of  screws.  The 
principal  aim  of  such  an  establishment  should  be  the  standardizing  of  all  screws  necessary  for 
the  development  of  the  technical  arts  of  the  State.  The  screw  problem  is  of  such  importance 
that  groups  of  competent  specialists  should  be  devoted  to  its  special  study  and  charged  to 
watch  over  its  highest  and  most  perfect  development.  Will  those  to  whom  the  importance  of 
the  creation  of  such  special  laboratories — for  the  study  of  the  blade  screw — is  more  than  evident 
excuse  me  for  these  pleas  in  their  favor  which  I  have  allowred  myself  to  express  here  ? 

The  main  results  contained  in  this  memoir  were  in  the  hands  of  the  author  already  at  the 
end  of  1915.  Their  publication  in  Russian  was  begun  in  1916,  but  only  the  first  two  chapters 
and  the  first  half  of  the  third  chapter  were  edited  at  the  beginning  of  1917,  further  publication 
having  been  stopped  by  the  outbreak  of  the  revolution  in  Petrograd. 

George  de  Bothezat. 

Washington,  D.  C. 

November  1918. 
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NOTATION. 

UNIFORMLY  EMPLOYED  IN  THE  PRESENT  MEMOIR. 

screw  diameter. 

effective  pitch  of  a  blade  section, 
distance  of  a  blade  section  from  screw  axis, 
breadth  of  a  blade  section, 
area  of  a  blade  element;  A^4=&Ar. 
number  of  blades. 

number  of  revolutions  of  the  screw  per  second, 
angular  velocity  of  the  screw;  G=2 ttN. 
translatory  speed  of  the  screw  along  its  axis. 

partial  torque  due  to  the  elements,  of  all  the  blades,  disposed  at  the  same  distance  from  the  screw  axis, 
partial  thrust  due  to  these  same  blade  elements, 
resultant  torque  applied  to  the  screw  axis, 
resultant  thrust. 

sections  through  the  slip  stream. 

distances  to  the  screw  axis  of  a  point  taken  in  the  surfaces  S,  S',  S". 

annular  elements  of  the  surfaces  S,  S' ,  S". 

slip  velocities  in  the  sections  S,  S',  S". 

race  velocities  in  the  sections  S,  S',  S". 

fluid  mass  flowing  in  a  unit  of  time  through  AS,  A  S',  AS". 

mass  density  of  the  fluid  in  which  the  screw  is  working. 

resultant  velocity  of  the  fluid  relative  to  a  blade  section. 

fluid  resistance  of  a  blade  element. 

effective  angle  of  attack  (measured  from  zero  line). 

constructive  angle  of  attack  (measured  from  chord). 

effective  blade  angle  (inclination  of  the  zero  line  of  one  blade  section  to  the  plane  of  rotation  of  the  screw), 
constructive  blade  angle  (inclination  of  the  chord  of  one  blade  section  to  the  plane  of  rotation  of  the  screw), 
angle  between  chord  and  zero  line  of  a  section.  i=a-\-y  ;  <p=ip+y. 
lift  coefficient, 
drag  coefficient. 

coefficient  of  the  resultant  fluid  resistance.  AR=K{AA  TF2=£j8A.d IF2;  K^Ki;  k^ki 
angle  between  fluid  resistance  Alt  and  zero  line, 
angles  of  A R  with  the  normal  to  the  zero  line, 
notation  used  for  either  0n  or  0T. 

value  of  the  angle  of  attack  for  which  the  fluid  resistance  A R  is  normal  to  the  zero  line, 
breadth  ratio;  a=nb/2vr. 

“specific  function,”  equal  to  the  partial  efficiency  in  the  case  of  a  propeller. 

relative  pitch;  x=  V/NH. 

advance;  ii=V/N. 

relative  advance;  £=  V/ND. 

slip;  8=1— x. 

load  coefficient;  AQ=qSAS  F2. 
total  efficiency  of  the  screw. 

angle  of  attack  of  a  blade  section  of  a  screw  working  at  a  fixed  point, 
partial  efficiency  at  a  fixed  point. 

All  the  quantities  relating  to  the  work  of  the  screw  at  a  fixed  point  are  marked  by  a  sub  zero, 
fan  efficiency, 
fan  losses, 
vortex  losses, 
resistance  losses, 
total  losses;  p^Pv+Pt+Pr 
total  thrust  power  developed  by  a  propeller, 
total  torque  power  absorbed  by  a  propeller. 

system  of  angles  of  attack  under  which  the  blade  sections  are  working. 


Chapter  I. 

THE  FUNDAMENTAL  EQUATIONS. 


Let  us  consider  an  unlimited  fluid  mass,  in  which  is  immersed  a  blade  screw  rotating  with 
the  uniform  angular  velocity  0  '/sec.  around  its  axis  and  having  a  uniform  translation  with 
the  velocity  V  mt/sec.  along  that  axis.  Let  us  examine,  in  their  general  outlines,  the  flow 
phenomena  produced  by  the  blade  screw  rotation  in  the  surrounding  fluid  medium.  We  shall 
assume,  to  fix  the  ideas,  that  we  have  to  do  with  a  propulsive  screw  or  propeller. 

The  relativity  principle  of  hydrodynamics  allows  us  to  consider  either  the  screw  moving 
with  the  uniform  velocity  V  in  an  immobile  fluid  mass  or  the  translationless  screw  plunged 

in  a  fluid  stream  directed  with  the  velocity  V  in 
inverse  sense  on  the  screw  parallel  to  its  axis. 
Considering  the  latter  case,  viz,  the  screw  im¬ 
mersed  in  a  fluid  stream  parallel  to  its  axis, 
the  following  is  observed:  The  screw  rotation 
creates  a  fluid  stream,  generally  called  slip 
stream,  whose  section  in  the  neighborhood  of 
the  screw  is  very  nearly  equal  to  the  area 
swept  by  the  blades  of  the  screw.  The  velocity 
of  the  flow  inside  that  slip  stream  differs  from 
the  velocity  V.  A  velocity  increase  is  already 
observed  in  front  of  the  screw,  but  it  is  in  the 
wake,  in  the  narrowest  section  of  the  slip 
stream,  that  the  largest  increase  of  velocity  is 
observed.  Beyond  its  translational  motion, 
the  fluid  in  the  slip  stream  has  also  a  rota¬ 
tional  motion,  so  that  the  motion  of  the  fluid 
particles  in  the  slip  stream  is  a  helicoidal  one. 

Let  us  divide  the  slip  stream  created  by 
the  rotation  of  the  screw  into  three  domains. 
The  first  domain  is  constituted  by  the  part  of 
the  slip  stream  disposed  in  front  of  the  screw. 
This  domain  is  included  between  the  section  S0 
of  the  slip  stream  taken  at  such  a  distance  from 
the  screw  that  the  flow  velocity  in  it  is  still 
equal  to  V,  and  the  section  S  directly  in  front  of  the  screw,  but,  however,  at  such  a  distance 
from  the  latter  that  the  flow  in  it  is  not  disturbed  by  the  local  phenomena  created  by  the  ro¬ 
tation  of  the  blades  of  the  screw.  The  exact  position  of  this  last  section  S  will  appear  in  the 
following:  The  second  domain  contains  the  screw  and  is  included  between  the  sections  S  and 
S'  of  the  slip  stream  defined  by  the  condition  that  the  sum  of  the  differences  of  the  pressure 
in  these  sections  S  and  S'  is  equal  to  the  resultant  thrust  of  the  screw.  These  sections  will 
be  submitted  in  the  following  to  a  supplementary  condition  which  will  specify  them  exactly 
The  third  domain  is  formed  by  the  slip  stream  running  off  the  screw  and  is  included  between 
the  section  S'  and  the  narrowest  section  S"  of  the  slip  stream.  The  sections  S,  S',  and  S" 
will  be,  in  the  general  case,  surfaces  having  the  axis  of  the  screw  as  axis  of  symmetry.  In 
figure  1  these  sections  are  represented  in  a  purely  conventional  manner. 
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Let  us  decompose  the  velocities  of  the  fluid  particles  in  the  section  S  into  two  components; 
one  axial  (see  fig.  1)  which  we  will  designate  by  V+v,  the  velocity  v  representing  the  increase  of 
the  flow  velocity  already  existing  in  the  section  S;  the  other  tangential  component,  which 
we  will  designate  by  no  where  r  is  the  distance  to  the  screw  axis  of  a  fluid  particle  crossing  the 
section  S.  As  for  the  radial  components  of  the  velocities  of  the  particles  in  the  section  S,  as 
well  as  in  the  sections  S'  and  S"  of  the  slip  stream,  we  will  consider  them  as  negligible,  these 
velocities  having  very  small  values  for  the  states  of  work  of  the  screw'  which  are  of  practical 
importance.  The  states  of  work  of  the  screw  for  which  the  radial  velocities  have  sensible 
values  will  appear,  besides,  from  the  later  developments  of  this  memoir.1 

We  will  call  slip  velocity  the  velocity  v,  and  race  velocity  the  velocity  no.  The  slip  and  race 
velocities  have  generally  different  values  in  different  points  of  the  section  S.  These  velocities 
are,  besides,  periodical  functions  of  the  time,  whose  period  depends  from  the  period  of  the  screw 
rotation  multiplied  by  the  number  of  blades.  But  we  will  agree  to  consider  v  and  rw  as  the 
mean  values  of  the  real  periodical  velocities,  and  under  such  conditions  the  velocities  v  and  rco 
can  be  considered  as  constant  in  time  and  in  space  for  all  the  points  of  the  section  S  at  equal 
distances  from  the  axis  of  the  blade  screw — evidently  only  for  a  determinate  state  of  w'ork  of 
the  screw.2 

For  the  distribution  of  the  pressures,  just  as  for  the  distribution  of  the  velocities,  wre  will 
only  consider  the  mean  values  instead  of  the  real  periodical  values.  For  all  points  situated  in 
one  plane  normal  to  the  screw  axis  and  at  equal  distances  from  it,  the  pressures  will  thus  be 
considered  as  equal. 

Let  us  decompose  in  a  similar  way  the  velocities  of  the  fluid  particles  in  the  sections  S' 
and  S"  into  axial  components 

V+v'  and  V+v" 

and  tangential  components 

rV  and  r"<o" 

The  velocities  v'  and  v"  will  be  named  slip  velocities  in  the  sections  S'  and  S",  and  r'oo'  and 
r"w"  race  velocities  in  these  same  sections.  To  these  last  slip  and  race  velocities  have  to  be 
applied  all  the  remarks  wTe  have  made  in  relation  to  the  velocities  v  and  no. 

As  for  the  velocities  of  the  particles  of  the  slip  stream  behind  the  section  S" ,  we  will  admit, 
in  agreement  with  experiment,  that  they  are  progressively  dissipated  by  viscosity. 

Let  us  divide  the  whole  slip  stream  into  a  series  of  regions  of  infinitely  small  thickness, 
limited  by  surfaces  of  revolution,  the  locus  of  the  stream  lines  of  the  mean  velocities  of  the 
slip  stream,  and  having  the  screw  axis  as  axis  of  symmetry.  These  annular  regions  will  cut 
off  on  the  surfaces  S,  S',  and  S"  annular  areas  which  we  will  designate  respectively  by 

AS,  AS',  AS" 

and  which  are  limited  by  circumferences  having  radii 


Ar 

Ar 

r  +  2 *  *  r 

2 

Ar'  , 

Ar' 

r  +  2  ’  r  ' 

2 

r"  4-  ,  r" 

Ar" 

r  +  2 

2 

i  The  radial  velocities  have  nonnegligible  values  only  for  states  of  work  in  the  neighborhood  of  the  vortex  ring  state. 

*  The  relations  which  exist  between  the  real  periodical  velocities  and  their  mean  values  have  been  studied  by  G.  A .  Crocco  in  his  memoir 
“Sulla  teoria  analitica  della  eliche  e  su  alcuni  metodi  sperimentali Rendiconti  degli  studi  ed  esperienze  eseguite  nel  laboratorio  di  costruzioni 
aeronautiche  del  battaglione  specialist.  Anno  I,  No.  1,  30  Novembre,  1911.  This  memoir  is  reproduced  almost  completely  in  French  in  the 
“Technique  Aeronautique,”  Tome  VI,  1912.  No.  67,  p.  194.  No.  71,  p.  321.  No.  72,  p.  363. 
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Let  us  designate  by  A  M  the  fluid  mass  which  flows  in  a  unit  of  time  through  one  of  these 
annular  regions.  On  account  of  the  continuity  of  the  flow  we  must  have 

(1)  AiW  =  A5,(F+v)5  =  A5,(F+v')5  =  A*Sf',(F+v'/)5 

where  8  is  the  fluid  mass  density  which  we  consider  as  constant  in  the  whole  fluid  mass.  The 
constancy  of  the  density  is  evident  when  we  have  to  do  with  an  incompressible  fluid,  such  as 
water,  for  example.  But  the  density  can  also  be  considered  as  constant  for  a  compressible 
fluid,  such  as  air,  for  example,  so  long  as  the  flow  velocities  do  not  exceed  values  of  the  order 
of  about  a  hundred  meters  a  second,  because  under  such  conditions  the  observed  pressure 
differences  will  be  low,  and,  accordingly,  the  density  variation  negligible. 

Throughout  this  memorandum  we  will  use  the  metric  units: 

Mg. — weight;  meter;  second. 

In  this  system  of  units,  for  normal  conditions  of  pressure  and  temperature  (760  mm.  and 
15°  centigrade)  the  density  has  the  values 

for  water  5^100—  S.^C 

mt* 

for  air  8^1/8*^ 

Let  us  designate  by  A I  and  A  I"  the  moments  of  inertia  relative  to  the  screw  axis,  of  the 
fluid  mass  A  M  considered  in  the  annular  sections  AS  and  AS"  respectively.  We  have: 

(2)  Al  —  A  M.r2  •,  AI"  =  A  M.r"2 


Taking  into  account  the  relations  (1)  and  assuming  the  similitude  of  the  flow  conditions  0)  in 
the  sections  S  and  S"  we  get 

AS  _  V+v"  r2  AI 
'  A S"~  V+v  ~r"2~Al" 


from  which  follows 
(4) 


Al"  =Al 


V+v 
V+v " 


1  Exactly  speaking,  we  want  to  say  that  if  all  the  Ar’.f  are  taken  equal  in  the  section  S,  we  admit  all  the  Ar"’s  in  section  S"  to  he  also  equal. 
Under  such  conditions 

rl 

(1)  AS  SirrAr  _ _ n  r* 

AS,—  t*rn Ar*  =_r»  r"'“rH* 
n 


n  being  the  number  of  Ar't  and  A r"’t  respectively  contained  in  r  and  r*.  This  hypothesis  is  justified  by  the  following  considerations:  Exactly 

speaking,  we  have  ^  _  r&T  V+v’’ 

AS ”  r"Ar*  V+v 

or  going  over  from  finite  differences  to  differentials  we  get 


and  integrating 


rdr-Lt^r'dr* 

V+v 


when 


(2) 

we  have 


V+v * 

const 


r* 

r*t 


—  const;  hence  -g  —const 

T 


or  r/r"=*drldr"  and  consequently 


rdr  r* 
fir*  "r** 
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All  the  foregoing  is  only  the  characteristic  of  the  flow  in  the  slip  stream  from  a  purely 
kinematical  standpoint.  We  will  now  proceed  to  the  fundamental  equations  which  connect 
the  work  of  the  blade-screw  with  the  motion  of  the  surrounding  fluid.  We  shall  begin  by  an 
examination  of  the  pressure  distribution  in  the  slip  stream  and  of  the  conditions  which  exist 
on  its  boundary. 

In  each  cross  section  of  the  slip  stream  the  pressure  is  not  constant,  being  generally  lower 
in  the  middle  of  the  cross  section,  than  on  the  periphery;  this  is  on  account  of  the  rotation  of 
the  fluid  in  the  slip  stream.  In  Note  II,  at  the  end  of  this  memorandum,  it  is  indicated  in 
general  outlines  how  this  pressure  distribution  can  be  calculated,  and  its  general  course  is 
represented  in  Fig.  2.  In  nearly  all  the  practically  important  applications  of  blade-screws  the 
pressure  differences  in  the  slip  stream  cross  sections  are  small,  on  account  of  the  fact  that  the 
fluid  rotation  is  slow,  and,  besides,  the  pressure  differences  produced  by  the  fluid  rotation  are 
partially  compensated  by  the  curvature  of  the  flow  surfaces  in  the  meridional  planes  of  the  slip 
stream. 

It  is  thus  easy  to  see  that  in  the  section  S  the  pressure  is  necessarily  inferior  to  the  outside 
pressure  p0 •  This  follows  from  the  fact  that  the  velocity  of  the  flow  in  the  slip  stream  is  increas¬ 
ing  as  we  approach  the  section  S.  We  shall  see  in  the  following  that  when  one  passes  from 
section  S  to  section  S'  the  pressure  rises,  and  in  the  section  S'  is  greater  than  p0.  But  from  S' 
to  S"  the  slip  stream  velocity  is  still  increasing  on  account  of  the  narrowing  of  the  slip  stream, 
and  therefore  the  pressure  decreases,  and  in  the  section  S"  its  departure  from  the  pressure  p0 
is  generally  very  small.  In  the  definition,  given  in  the  following,  of  the  normal  conditions  of 
work  of  a  screw,  we  shall  assume  the  pressure  in  the  section  S"  to  have  recovered  its  original 
value,  that  is,  retaken  the  value  p0 .  This  means  that  the  action  of  the  considered  blade  screw 
is  not  to  produce  a  difference  of  pressure,  but  consists  in  communicating  a  certain  momentum 
to  the  fluid.  Under  such  conditions,  beyond  the  section  S"  the  slip  stream  diffusion  must  go 
on  at  a  quasi-constant  pressure.  The  case  of  work  of  the  screw  with  “pressure  step”  will  form 
the  subject  of  a  separate  investigation.1 

The  existence  of  a  pressure  and  a  flow  velocity  difference  between  the  inside  and  the  outside 
of  the  slip  stream  in  the  sections  S'  and  S"  leads  us  necessarily  to  admit,  as  follows  from  the 
considerations  shown  in  Note  II  at  the  end  of  this  memoir,  that  the  boundary  of  the  slip  stream 
must  be  a  vortex  sheath  maintaining  these  pressure  and  velocity  differences.  The  vortex  intensity 
and  the  curvature  at  each  point  of  the  slip  stream  vortex  sheaths  can  be  estimated  when  the 
pressure  and  velocity  differences  on  both  its  sides  are  known.  The  existence  of  the  slip  stream 
vortex  sheaths  follows  also  from  the  fact  that  from  each  blade  tip  there  must  run  off  vortex  fila¬ 
ments,  which  dispose  themselves  on  the  slip  stream  boundary.  This  directly  follows  from  William 


which  confirms  the  relation  (1).  Let  us  now  show  that  in  the  great  majority  of  practically  important  cases  the  condition  (2)  is  satisfied: 

I.  For  V—  o,  and  remarking  as  will  be  shown  in  the  following  that  we  have 

V+p*  v”  2v  . 
x rjvr---  ——2— const 
V+v  v  V 

This  case  corresponds  to  the  work  of  the  screw  at  a  fixed  point. 

II.  For  V  having  a  large  value  relative  to  v 

V+v”  V+tv  V  .  . 

V+v  ”>+e  "  W=  "con9t 

This  case  corresponds  to  propellers  and  to  turbines. 

III.  For  V of  the  same  order  as  v 

V+v”  v+tv  Sv  ... 

onst 

TV.  For  p— const  in  the  whole  section  of  the  slip  stream. 

In  this  case  we  evidently  have 

V+c"  V+tv 


K+P  V+v 


—const 


1 1  call  “pressure  step”  the  pressure  difference  which  can  exist  between  the  outside  pressure  p.  and  the  pressure  p”  in  section  S”,  and  which 
in  some  special  applications  of  blade  screws  can  have  very  sensible  values. 


172 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


Thomson’s  (Lord  Kelvin)  theorem  on  the  invariability  of  the  circulation  along  a  contour 
accompanying  the  fluid  in  its  motion.  When  following  such  a  contour  embracing  a  blade  of  the 
screw  and  moving  with  the  flow  relative  to  the  blade,  the  circulation  along  this  contour  must 
maintain  its  value — so  far  as  the  fluid  can  be  considered  as  perfect — which  is  fixed  by  Kutta’s 
theorem.1  Vortex  tubes  must  thus  run  off  the  tips  of  the  blades  and  dispose  themselves  on  the 
slip  stream  boundaries.  The  fluid  in  the  slip  stream  having  also  a  rotational  motion,  there 
must  also  be  formed  a  central  vortex  tube  along  the  screw  axis.2 

We  have  thus  reached  a  general  picture  of  the  flow  in  the  slip  stream  created  by  the  blade- 
screw  rotation.  Let  us  now  consider  the  slip  stream  as  represented  in  figure  2  and  apply  to 

it  the  momentum  theorem 
as  well  as  the  theorem  of 
moments  of  momentum.  In 
the  case  of  steady  motion 
of  a  fluid  these  theorems  can 
be  expressed  by  the  follow¬ 
ing  unique  proposition.3 

When  a  fluid  mass  is  in 
a  state  of  steady  motion  the 
resultant  of  the  wrench  of  the 
system  of  all  the  exterior 
forces  applied  to  a  portion 
of  the  fluid  mass  limited  by 
a  dosed  surface,  and  of  the 
screw  of  the  inflow  fluid 
mom  entum  ( the  outflow  fluid 
momentum  having  to  be  taken 
in  reversed,  sense )  is  equal 
to  zero. 

Let  us  introduce  the  fol¬ 
lowing  notations:  We  will 
call  partial  thrust  and  desig¬ 
nate  by  A Q  the  axial 
component  of  the  resultant 
fluid  pressure  on  all  the 
blade  elements  contained  in 
an  annular  volume  (AS,  AS').  The  moment  A C  of  this  resultant  pressure  referred  to  the 
screw  axis  will  be  named  partial  torque.  The  resultant  thrust  of  the  blade  screw  and  the  resultant 
torque  applied  to  its  axis  will  be  respectively  designated  by  Q  and  C.  The  senses  of  the  blade- 
screw  translation  and  rotation,  when  the  latter  is  propulsive,  will  be  adopted  as  positive  senses 
along  the  screw  axis  and  around  it.  Let  us,  besides,  designate  by  p,  p',  and  p"  the  pressures 
respectively  in  the  sections  S,  S'  and  S" ,  the  exterior  pressure  being  designated  by  p0,  as  has 
already  been  mentioned.  As  for  the  stresses  on  the  boundaries  of  the  slip  stream,  we  shall 
decompose  them  into  components  normal  to  the  boundary  surface,  whose  value  is  pf ,  and  into 
components  tangential  to  the  boundary  surface,  the  last  being  produced  by  the  slip  stream 
friction  against  the  surrounding  fluid  medium.  It  is  easy  to  see  that  in  the  sections  S0  and  S'0 

i  See  Note  IV  at  the  end  of  this  memoir. 

i  See  the  stereotypical  photographs  of  Oswald  Flamm.  The  air  bubbles  seen  on  these  photographs  dispose  themselves  along  the  axis  of  the 
vortex  tubes. 

*  See  Note  I  at  the  end  of  this  memoir. 


I 

Fig.  2. 
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(see  fig-  2)  the  stresses  will  admit  only  normal  components  equal  to  p0,  so  that  the  tangential 
stress  components  will  have  a  sensible  value  only  at  the  lateral  boundaries  of  the  slip  stream. 
We  will  designate  by  F'  and  F  the  projections,  on  the  screw  axis,  of  the  resultant  of  the  tangential 
components  developed  on  the  lateral  surface  of  the  slip  stream  for  its  portions  respectively 
included  between  S0,  S"  and  S" ,  S'0 •  The  resultant  moments,  relative  to  the  screw  axis,  of 
these  tangential  components  will  be  respectively  designated  by  C'F  for  the  portion  of  the  slip 
stream  surface  between  S0  and  S" ,  and  by  0F  for  the  portion  of  the  slip  stream  surface  between 
S"  and  S' o> 

Let  us  first  apply  the  theorems  of  momentum  and  moments  of  momentum  to  the  slip 
stream  portion  between  the  extreme  sections  S0  and  S'0.  The  only  exterior  forces  acting  on 
this  volume  are.  On  one  hand  the  thrust  —  Q  and  the  torque  —  C  (resultant  action  of  the  blade 
screw  on  the  fluid) ;  on  the  other  hand  the  friction  forces  developed  on  the  boundaries  of  the 
volume  considered,  whose  resultants  are  F+  F'  along  the  screw  axis  and  CF  +  CF  around  the 
screw  axis,  this  under  condition  that  the  exterior  pressure  exerted  on  all  the  volume  con¬ 
sidered  has  a  resultant  equal  to  zero.  As  there  is  no  fluid  momentum  variation  for  the  volume 
considered,  we  must  have 

F  +F'  —Q  =  0 
CF  +  C'v-C=0 
or 

(5a)  Q=F+F' 

(5b)  0—  0F  +  0'F 

We  will  consider  as  negligible  the  friction  forces  developed  in  the  slip  stream  between  the 
sections  SQ  and  S",  that  is,  admit 

F'^0;  Cr/F=0 

because  it  is  between  the  sections  S"  and  S' 0,  where  the  slip  stream  diffusion  takes  place,  that 
is  developed  nearly  the  whole  totality  of  the  friction  forces.  Under  such  conditions  we  will  have 

(6a)  Q^F 

(6b)  feCV 

which  means  that  the  friction  forces  developed  between  these  sections  S"  and  S'0  equilibrate 
the  thrust  and  the  torque  of  the  blade  screw. 

Let  us  now  apply  the  same  theorems  to  the  slip  stream  portion  included  between  the 
sections  S"  and  S0'.  The  exterior  forces  applied  to  this  volume  are  the  resultants  F  and  C¥  of 
the  friction  forces  and  the  resultant  of  the  pressures  normal  to  the  surface  of  this  volume.  This 
last  resultant  is  seen  to  be  equal  to  -2A S"  {p"  -p0)  when  it  is  remarked  that  the  uniform 
exterior  pressure  pQ  considered  as  applied  to  the  whole  volume  (S",  S'0 )  must  equilibrate  itself. 
The  inflow  fluid  momentum,  for  this  volume,  has  for  its  resultant  along  the  screw  axis 

-  2A  M  ( V+v")  +  2A  MV=  -  2A  Mv" 
and  for  the  resultant  torque  around  the  screw  axis 

-2A/'V'. 

We  thus  must  have 

F-  2A S" ( p "  -  po)  -  2A  Mv"  =  0 
0^  —  2A///co"  =0 

But  as  we  consider  that  in  the  section  S"  the  pressure  has  already  reached  the  value  of  the 
exterior  pressure  p0  we  must  simply  hav-e 

7a)  F—  2A  Mv" 

(7b)  <7f  =  2A/"co". 
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Let  us  apply  the  above-mentioned  theorems  to  the  portion  of  the  slip  stream  between 
the  sections  S0  and  S" .  The  exterior  forces  applied  to  this  volume  are:  The  friction  forces 
whose  resultants  are  F'  and  C"F;  the  exterior  normal  pressures  with  the  resultant  2AS"  (p"  —  p0) ; 
the  thrust  —  Q  and  the  torque  —  C.  The  inflow  momentum  has  for  resultant 

2AM(V+v")  —  2A  MV='2AMv" 

2A/V 

We  thus  must  have 

-  Q  +  F'  +  2A£"  (p" -pJ+ZAMv'^O 
—  C+  C7'F  +  2A/"co"  —0 

But  as  we  admit  F' ,  Of,  and  2 AS"  (p"  —p0)  to  be  negligible,  we  have 

(8a)  Q  =  2A  Mv" 

(8b)  (7=2A/V 

It  must  be  remarked  that  effectively  it  is  for  the  section  S"  that  the  fluid  momentum  variation 
reaches  its  greatest  value.  These  last  relations  (8a)  and  (8b)  also  follow  from  the  comparison 
of  the  relations  (6)  and  (7). 

Let  us  also  apply  our  two  theorems  to  the  annular  volume  (AS0,  AS").  As  the  friction 
forces  have  been  considered  as  negligible  for  the  volume  (S0,  S"),  they  have  also  to  be  considered 
as  negligible  for  the  volume  (A S0,  AS").  The  resultant  of  the  normal  pressures  being  also  con¬ 
sidered  as  negligible,  we  have 

(9a)  AQ  =  AMv" 

(9b)  AC=AI"w" 

and,  comparing  with  the  relations  (8)  we  see  directly  that 
(10a)  Q  =  2AQ 

(10b)  (7=2A<7 

This  last  consequence  is  of  first  importance.  It  justifies  the  partition  of  the  slip  stream  into 
annular  regions  and  shows  that  the  resultant  thrust  Q  and  the  resultant  torque  C  of  the  blade 
screw  can  be  considered  as  equal  to  the  sums  of  the  partial  thrust  A Q  and  partial  torques  AC 
under  the  hypothesis  made.1  The  relations  (10)  also  establish  the  possibility  of  integrating 
the  partial  thrust  and  torque  along  the  blade.  In  other  words  the  relations  (10)  show  that 
the  mutual  interference  of  the  sections  of  the  same  blade  can  be  admitted  as  negligible.  What  is, 
in  reality,  the  mechanism  of  the  transmission  of  this  blade  section  interference  ?  It  is  specially 
expressed  by  the  pressure  differences  in  the  section  S" .  Thus  the  working  conditions  of  blade 
elements  included  in  an  annular  volume  such  as  (A S0,  AS")  are  submitted  to  the  influence  of 
the  pressure  difference  A S"(p"  -p0)  which  is,  exactly  speaking,  variable  along  the  blade.  But 
this  last  pressure  difference  being  negligible  in  comparison  with  the  other  forces  acting  on  the 
blade  elements  considered,  the  mutual  interference  of  the  blade  sections  turns  out  to  be  also 
negligible. 

Let  us  finally  apply  the  momentum  theorem  to  the  fluid  mass  contained  in  the  annular 
volume  (AS,  A  S').  The  exterior  forces  applied  to  this  volume  are  the  pressure  of  the  blades 
on  the  fluid,  whose  resultant  along  the  screw  axis  is  equal  to  —AQ,  and  the  resultant  of  the 
exterior  pressure  acting  on  this  volume,  equal  to 

p'AS'—pAS, 

1  It  will  be  easy  to  see  that  the  same  conclusion  would  have  been  reached  if  neither  the  friction  forces  nor  the  pressure  differences  p%) 

had  been  neglected. 


THE  GENERAL,  THEORY  OF  BLADE  SCREWS. 


175 


when  one  neglects  the  friction  forces  acting  on  the  boundaries  of  this  volume.  On  the  other 
hand,  as  in  the  most  important  practical  applications  of  blade  screws  the  sections  S  and  S' 
come  out  to  be  close  to  the  blade  screw,  and  as  we  neglect  the  radial  velocities  we  have 

ASYAS'  and  vs^v' 

and  on  account  of  the  flow  continuity  we  will  thus  have 

v^v' 


The  fluid  momentum  variation  for  the  annular  volume  (AS /AS')  is  thus  equal  to  zero.  The 
axial  resultant  of  all  the  exterior  forces  applied  to  this  volume  is  therefore  equal  to  zero,  so 
that  we  will  have 

p'AS'  —  pAS  —  AQ=  (p'  —  p)  AS  —  A  Q  =  0 


or 

(ID 


p'~p  = 


A Q 

AS 


This  last  relation  will  be  considered  as  being  the  definition  of  the  surface  S'  when  the  surface 
S  will  be  known. 

We  can  now  see  that  the  pressure  distribution  along  a  stream  line  crossing  the  space  swept 
by  the  screw  blades  will  have  the  general  course  represented  on  the  right-hand  side  of  figure  2. 

Finally  the  following  fact  must  be  noted.  If  the  theorem  of  moments  of  momentum 
were  applied  to  the  slip  stream  portion  included  between  the  sections  S0  and  S,  it  would  appear 
that  the  fluid  contained  in  this  portion  has  no  rotation.  The  rotation  of  this  portion  of  the 
slip  stream  can  thus  be  due  only  to  viscosity  and  to  the  periodicity  of  the  pressure  distribu¬ 
tion  in  the  section  S.  It  is  also  for  these  last  reasons  that  there  can  be  a  variation  of  the 
moment  of  momentum  of  the  fluid  between  the  sections  S'  and  S" . 

We  will  say  by  definition  that  a  blade  screw  is  working  under  normal  conditions  when 
the  relations  (8)  arid.  (9)  can  be  considered  as  sufficient  approximations  of  the  thrust  and  the  torque. 

This  definition  is  justified  by  the  fact  that  in  the  most  important  practical  applications 
of  the  blade  screw  the  normal  conditions  are  realized. 

We  will  call  neighborhood  conditions  all  the  circumstances  which  can  remove  us  from  the 
normal  conditions. 

In  some  blade-screw  applications,  the  neighborhood  conditions  have  a  primordial  influence. 
These  special  cases  of  blade-screw  applications  will  be  submitted  to  a  separate  investigation. 

Substituting  in  the  relations  (9a)  and  (9b)  the  above  values  of  AM  and  A/"  we  get: 


(12) 

(13) 


A Q  =  AS(  V+  v)v"5. 

AC=ASr2u"^+f)l  8 
V+v 


These  expressions  will  give  us  the  values  of  the  partial  thrust  A Q  and  the  partial  torque  AC 
produced  by  the  considered  blade  elements  only  when  the  slip  and  race  velocities  v,  v" ,  and  co" 
will  be  determined. 

Let  us  agree  to  call  specific  function  the  quantity 

_  VAQ—  V  v"(V+v") 

(14)  P  QAC~  raffia* (V+vj 

which  represents  the  ratio  of  the  work  VAQ  of  the  partial  thrust  to  the  work  QAC  of  the 
partial  torque.  It  is  easy  to  see  that  this  ratio  is  nothing  other  than  the  partial  efficiency  of 
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a  blade  element  of  the  blade  screw  considered  when  the  last  is  propulsive.  But  I  have  con¬ 
sidered  it  necessary  to  adopt  for  this  ratio  a  more  general  name,  because  we  will  have  to  consider 
it  far  out  of  the  limits,  where  it  has  the  meaning  of  the  efficiency  of  a  propulsive  screw.  We 
shall  see  in  the  following  that  this  ratio  specifies  by  its  numerical  value  the  type  of  machine 
which  the  blade  screw  realizes. 

Let  us  now  pass  to  the  direct  evaluation  of  the  fluid  pressure  on  the  elements  of  the  blades 
of  the  screw. 


Fig.  3. 


Figure  3  gives  a  general  picture  of  one  of  the  blade  elements  considered.  The  relative 
velocity  W  of  the  fluid  in  regard  to  the  blade  element  is  the  resultant  of  the  velocities  V+v 
and  r  (Q  — »).  The  line  00'  is  the  zero  line /  to  which  is  referred  the  angle  of  attack  i;  <p  is 
the  angle  between  the  zero  line  and  the  plane  of  rotation  of  the  blade  screw;  it  is  by  this  angle, 
called  effective  blade  angle ,  that  we  fix  the  inclination  of  the  blade  elements  on  the  screw  ro¬ 
tation  plane. 

The  relation  between  the  effective  blade  angle  <p  and  the  pitch  H  of  a  blade  section  is  to 
be  directly  seen  from  figure  4.  We  have 

(15)  H=2ivrtg(p 

It  is  easy  to  see  that  the  numerical  value  of  the  pitch  depends  upon  the  reference  line  adopted 
to  fix  the  inclination  of  the  blade  element  considered. 

The  pitch  II  counted  from  the  zero  line  will  be  called  effective  pitch,  in  opposition  to  the 
constructive  pitch  measured  from  any  other 
reference  line — the  chord  of  the  blade  section 
profile,  for  example — whose  consideration  can 
be  more  convenient  in  some  cases,  as  for 
the  workshop  drawings  of  blade  screws. 

As  far  as  I  knowit,  in  nearly  all  the  blade- 
screw  investigations  it  was  the  constructive 
pitch,  measured  from  the  blade  section  chord, 
that  was  always  considered;  but,  as  follows 
in  full  evidence  from  what  is  said  in  Note  III  at  the  end  of  this  memoir,  the  constructive  pitch 
is  no  other  than  a  quantity  arbitrarily  chosen.  Therefore  we  can  not  adopt  this  quantity  to 
describe  the  blade-screw  properties.  The  blade  properties  depending  upon  pitch  can  only  be 
referred  to  the  effective  pitch,  which  is  a  perfectly  defined  hydrodynamical  characteristic,  fully 

- - w - ‘  - - - - — — - - - — — - — — — - — 

»  For  the  definition  of  the  zero  line  and  in  general  all  concerning  the  laws  of  fluid  resistance,  see  Note  III  at  the  end  of  this  memorandum. 
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independent  of  the  screw  blade  section  profile.  To  equal  constructive  pitches  can  correspond 
very  easily  unequal  effective  pitches,  and  vice  versa.  Under  such  conditions  it  is  easy  to  con¬ 
ceive  all  the  difficulties  which  the  consideration  of  the  constructive  pitch  can  bring  into  the 
analysis  of  the  screw-blade  problem.  Thus,  when  using  the  constructive  pitch,  we  can  often 
find  negative  values  for  the  slip,  while  the  effective  pitch  will  always  give  positive  values  of  the 
last,  as  must  be  from  the  physical  meaning  of  the  slip.  We  therefore  see  how  important  is 
the  consideration  of  the  effective  pitch.1 

All  the  quantities  which  are  necessary  in  order  to  specify  the  value  of  the  fluid  resistance 
AR  of  a  blade  element  are  represented  on  figure  5.  It  is  by  the  angle  that  we  will  fix  the 
inclination  of  the  resistance  A R  to  the  normal  to  the  zero  line.  As  is  well  known,  we  have 

(16)  AR  =  ki8AAW2 


where  k{  is  an  empirical  function  of  the  angle  of  attack  depending  upon  the  blade  section  profile 
considered;  8  the  fluid  mass  density;  A  A  the  area  of  a  blade  element,  equal  in  a  sufficient  approxi¬ 
mation  to 

(17)  AA  =  bAr 

b  being  the  breadth  of  the  blade  element  considered. 

The  velocity  W  is  equal  to 

(18)  TF2  =  (F+v)3+r2(ff-co)3 
and  we  also  have 

(19)  W sin  (<p  —  i)  =  V +v;  W cos  (p  —  i)  =r(12  —  u) 

(20) 

For  small  angles  of  attack  the  formula  (16)  reduces  to 
(21)  AR  =  Jc8AA  WH 

In  Note  III  will  be  found  all  the  restrictions  in  the  use  of  the  formulae  (16)  and  (21). 

1  For  example,  the  effective  pitch  gives  at  once  the  right  understanding  of  the  working  conditions  of  a  boomerang.  A  regular  boomerang, 

whose  two  asymmetrical  blades  are  not  twisted,  but  have  aerofoil  sections,  will  have  an  effective  pitch  of  a  certain  value  for  rotations  in  both  senses 
in  the  plane  of  its  blades,  and  thus  when  thrown  with  an  initial  rotation  will  produce  a  thrust  to  which  all  interesting  boomerang  properties  are  due. 

A  boomerang  is,  exactly  speaking,  nothing  more  than  a  propeller  left  free  to  move  in  space. 


167080— S.  Doc.  307,  65-3 - 12 
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If  the  screw  considered  has  n  blades,  we  will  have  included  in  the  annular  space  considered 
n  blade  elements,  giving  each  a  resistance  A R.  Projecting  these  forces  A R  on  the  screw  axis  and 
on  its  rotation  plane,  we  will  find  the  values  of  the  partial  thrust  A Q  and  partial  torque  A  0 
produced  by  the  elements  considered: 

(22)  A Q  —  nAR  cos  (<p + jSH) 


(23) 


A  C=  nrAR  sin  (<p  +  j3h) 


These  last  formulas  assume  that  the  values  adopted  for  the  empirical  functions  Jct  and  /SH 
take  account  of  the  possible  mutual  interference  of  blades  of  the  screw.  In  the  following  we 
will  return,  more  in  detail,  to  this  last  question. 

Comparing  the  relations  (22)  and  (23)  we  find 

(24)  AC—AQr  tg  (?j  +  /3h) 

and  for  the  specific  function  we  get  the  value 

1 


(25) 


==FAQ=7 _ 

p  SlAC  r!2  tg  {(p  -f  /3h) 


It  must  be  noted  that  the  last  expression  of  the  specific  function  is  fully  independent  of  any 
hypothesis. 

The  expressions  (12)  and  (13)  of  the  partial  thrust  A Q  and  the  partial  torque  AC,  found 
in  the  foregoing  by  the  general  consideration  of  the  fluid  motion  around  the  blade  screw,  must 
evidently  be  equal  to  the  expressions  (22)  and  (23)  of  these  same  quantities  found  by  the  direct 
evaluation  of  the  fluid  pressure  on  the  blades  of  the  screw.  We  thus  have : 

AQ  =*  AS  ( V  +  v)v "8  =  nAR  cos  (<p  +  =  nki  8AA  W2  cos  (<p  +  jSH) 

(V+v)2 

AC=ASr2o)"  -yrr~;r &  =  nrAR  sin  (<p  +  j3H)  =nr'kiAA  W2  sin  (<p  +  /SH) 

with 

AS  =  2-TrrAr;  A  A  =  bA  r 
Introducing  these  last  values  in  the  above  formulae  we  get: 


(26) 

(27) 


v"(V+v)=%hiW’  cos(r+M 

„(V+v)2  7  TT7,  .  ,  ,  n  N 

ra'-TT-.  //  =« — KiW2  sm  (cp  +  pn) 


V+v"  ~2t r 

In  these  last  relations  appears  the  expression 

nb 

2irr 

which  is  the  ratio  of  the  total  breadth  of  the  blade  sections  considered  to  the  circumference  by 
them  described.  We  will  designate  this  ratio  by  a  and  give  it  the  name  breadth  ratio.  Thus 
we  will  state 

nb 


a  = 


2  k  r 


(28) 
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Introducing  the  notation  (28)  in  the  formulae  (26)  and  (27),  and  taking  account  of  the 
relation  (19),  we  finally  get 


(29) 


v"  _ak{  cos  (<p  +  /3 H) 
F+v  sin2(<p  —  i) 


.  rco"  ok t  sin  (<?+/3H) 

'  V+v  sin2  (^  —  i) 

These  last  two  relations  constitute  the  first  two  equations  of  the  general  blade-screw  theory. 
Let  us  now  calculate  the  work  of  the  fluid  resistance  of  the  blade  elements  considered  in 
their  motion  relative  to  the  flow  meeting  them.  We  have 


nAR  W  cos  (A R,  W)  =  nAR  sin  (<p  +  j8h) •  r  (Q  -  «)  -  nAR  cos  (<p+i SH)  •  ( F  +  u) 
and  on  account  of  the  relations  (22)  and  (23)  we  get 


(3 1 )  nAR  cos  (A R,  W)  =  A  C(fl  -  co)  -  AQ  ( F -f-  v)  =  OA  0-  FA Q  -  wA  C-  vAQ. 

In  the  last  member  of  this  relation,  ttAC  is  the  work  of  the  partial  torque;  VAQ  the  work 
of  the  partial  thrust;  wAC  the  work  communicated  to  the  fluid  in  its  rotational  motion;  vAQ 
the  work  communicated  to  the  fluid  in  its  translatory  motion.  Accordingly,  the  quantity 
nAR  cos  ( AR,W )  represents  the  work  spent  in  the  displacement  in  the  fluid  of  the  blade  elements 
considered.  It  is  evident  that  the  same  relation  holds  for  any  other  blade  elements.  We  are 
thus  brought  to  the  following  fundamental  theorem. 

Theorem  I. —  The  work  of  the  fluid  resistance  of  the  blades  in  their  motion  relative  to  the  flow 
meeting  them  is  equal  to  the  work  spent  for  the  displacement  of  the  blades  in  the  fluid ,  that  is,  equal 
to  the  work  spent  in  shocks,  friction,  etc.,  of  the  fluid  flow  against  the  blades. 

This  last  fact  established,  we  are  now  able  to  apply  the  kinetic  energy  theorem  to  the 
annular  space  containing  the  blade  elements  considered.  We  thus  have 


(32)  £2AC=  VAQ  +  MAMv"2  +  MA/"ct>">  +  [nAC-  VAQ-aAC-vAQ] 

from  which  follows  directly 

(33a)  vAQ  +  coA  C =  V2  A  Mv"2  +  y2AFu  ' 2. 

This  last  relation  is  in  reality  evident  of  itself,  because  it  expresses  the  fact  that  the  work 
communicated  by  the  screw  to  the  fluid  is  equal  to  the  kinetic  energy  of  the  fluid  in  the  section 
S ".  But  it  was  my  intention  to  show,  so  to  speak,  the  whole  genesis  of  the  last  relation,  on 
account  of  the  distribution  of  energy  absorbed  by  the  screw  working.  It  must  also  be  noted 
that  the  relation  (33a)  is  a  direct  consequence  of  our  definition  of  the  normal  working  condi¬ 
tions  of  a  blade  screw,  according  to  which  the  losses  between  the  sections  S0,  S  and  S' ,  S"  are 
considered  as  negligible.  The  relation  (33a)  can  also  be  written  in  the  following  form:  sub¬ 
stituting  in  (33a)  for  the  partial  thrust  A Q  and  the  partial  torque  AC  their  values  given  by  the 
relations  (9),  we  get 

(33b)  v"(2 v-v")=r"2a>"  (a>"-2a>). 

We  shall  now  show  that  on  account  of  the  normal  screw  working  conditions  not  only  the 
relations  (33a)  occur,  but  also  that  we  have,  separately,  besides 

vAQ=  y2A  Mv"2 


(34a) 

and 

(34b) 


caAC=  HAT'a"2 
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In  effect,  let  us  apply  the  Bernouilli  theorem  between  the  sections  S0  and  S.  Neglecting 
the  interior  losses  between  these  sections  and  neglecting  also  the  radial  velocities  in  section 
S,  we  have  (*) 


,  8V1 2  ,  8(V+v)2 

Po+-o~=V+---  o"-- 


or 

(35a)  p0~p  =  |(2Fv  +  v*). 


Let  us  apply  once  more,  to  the  same  approximation,  the  Bernouilli  theorem  between  the  sec¬ 
tions  S'  and  S" )  we  have 

+  liv+vy-p"  +  t(v+vy. 

But  as  we  admit  the  pressure  p"  to  have  already  reached  the  value  pQ  in  the  section  S" ,  we  will 
have 

(35b)  p'  —  p0  =  -7?(2Vv'>  +v"2  —  2  Vv  —  v2). 


Adding  term  by  term  the  relations  (35a)  and  (35b),  we  get 


p'  -  p  —  |  (2  V+  vr/)vn 

On  the  other  hand,  on  account  of  the  relations  (11)  and  (12),  we  have 

P' -p  =  /^  =  S(V+v)v". 

From  the  direct  comparison  of  these  last  two  relations  we  get 

~(2V+v")v"=8(V+v)v" 


or 


v"  =  2v 

which,  on  account  of  the  relation  (33b),  has  as  a  direct  consequence 


co"  =2o>. 


But  according  to  the  relation  (9a)  we  have  AQ  =  AMv". 


1  When  the  radial  velocities  are  neglected,  the  motion  of  the  fluid  in  the  slip  stream,  in  cylindrical  coordinates,  is  expressed  between  the 

sections  So,  S  and  S',  S"  by  the  following  system  of  equations: 


&(V+v) 


d(F+i>) 
dz  ' 


dp  . 
dz  ' 


v  and  ro  being  here  the  slip  and  race  velocities  at  any  point  of  the  slip  stream  at  a  distance  r  from  screw  axis,  p  the  pressure  at  the  point  con¬ 
sidered,  z  the  cylindrical  coordinate  parallel  to  the  screw  axis,  the  last  being  an  axis  of  symmetry  for  the  whole  phenomenon. 

The  third  of  these  equations  means  that  the  radial  components  of  the  vortices  in  the  slip  stream  can  be  considered  as  negligible.  The 
second  of  those  equations  justifies  the  calculation  of  the  pressure  distribution  in  a  cross  section  of  the  slip  stream  indicated  in  Note  II.  The 
first  of  these  equations,  integrated  along  a  stream  line,  gives 

«(F+r)s  , 

— g - 1- p— const 

We  thus  see  that  when  the  radial  velocities  are  neglected  the  race  velocity  comes  out  to  be  negligible  in  the  calculation  of  the  pressure  dis¬ 
tribution  along  a  stream  line  of  the  slip  stream. 
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We  thus  will  have 

vAQ  =  A  Mv"v  —  £A  Mv"2 

The  relation  (34a)  is  thus  justified.  On  account  of  the  relation  (33a)  the  relation  (34b)  follows 
directly. 

The  two  relations 

(36)  v"  =  2  v;  co,/  =  2co 

constitute  the  other  two  equations  of  our  blade-screw  theory.1 

These  last  relations  show  us  that  the  slip  and  race  velocities  in  the  section  S",  that  is,  in  the 
outdraught,  are  exactly  the  double  of  the  corresponding  slip  and  race  velocities  in  the  section  S,  that 
is,  in  the  indraught.  The  exact  position  of  the  section  S  to  which  has  to  be  referred  the  velocity  W, 
used  for  the  calculation  of  the  fluid  resistance  of  the  blades ,  is  thus  fixed  exactly  2 

As  far  as  I  know,  the  relations  (36)  are  in  full  agreement  with  all  the  experiments  made  up 
to  the  present  day  on  the  velocity  distribution  in  the  slip  stream. 

Thus  N.  Joukowski,  in  his  analytical  interpretation  of  Flamm  experiments,  comes  to  the 
same  results.3 

G.  Eiffel  has  observed  the  slip  velocities  in  the  indraught  and  outdraught  of  a  propeller  for 
values  of  V included  in  the  interval  of  10  m./sec.  to  25  m./sec.;  and  his  experiments  verify  with 
an  accuracy  of  1  or  2  per  cent  the  relations  (36). 4 

The  relations  (36)  thus  appear  as  a  fundamental  characteristic  of  the  flow  in  the  slip  stream. 
Substituting  in  the  equations  (29)  and  (30)  the  values  found  for  v"  and  w"  we  get: 

/0„x  2v  __  aki  cos.  (^  +  0H) 

{6/)  V  +  v~  sin  2(<p-i) 


(38) 


2nu  _  aki  sin  (<p  +  /3H) 
V  "T  2v  sin2  (p-i) 


The  expression  of  the  specific  function  takes  the  form 


(39) 


(36) 


V  v  (V+2v)  V  1 
p  rf2  ru  (V  +  v)  tg(<p-f/3H) 

The  equations  (37),  (38),  and  (39)  with  the  relations 

v"  =  2v;  u"  =  2co 


constitute  the  system  of  fundamental  equations  of  the  general  blade-screw  theory,  which  em¬ 
braces  all  the  blade-screw  properties.5 

All  the  following  chapters  of  this  memoir  will  be  devoted  to  deducing  the  blade-screw  prop¬ 
erties  by  the  analysis  of  this  system  of  equations.  It  is  in  the  consequences  obtained  that  there 
will  be  found  the  best  confirmation  of  the  system  of  equations  established. 

Before  passing  to  this  analysis,  I  will  establish  the  explicit  expressions  of  the  principal 
quantitites  which  are  used  to  characterize  the  work  of  the  blade-screw  elements  considered. 


1  The  establishment  of  the  relations  (36)  for  the  middle  part  of  the  slip  stream  where  the  r’s  are  small,  needs  only  the  hypothesis  that  the  losses 
between  the  sections  So,  S,  and  S',  S"  are  negligible. 

*  Effectively:  The  position  of  the  section  S"  is  exactly  known,  as  it  is  the  narrowest  section  of  the  slip  stream;  the  section  S  is  the  one  disposed 
in  the  indraught  where  the  slip  and  race  velocities  are  exactly  the  halves  of  the  slip  and  race  velocities  in  the  section  S".  The  position  of  the  sec¬ 
tion  S'  is  fixed  by  the  relation  (11). 

3  N.  Joukowski,  “Vortex  Theory  of  the  Propulsive  Screw,”  relations  (20)  and  (21)  on  pp.  11  and  12.  Moscow,  1912  (in  Russian). 

4  G.  Eiffel,  “Nouvelles  recherches  sur  la  resistance  de  Pair  et  l’aviation  faites  au  laboratoire  d’Auteuil,”  Paris,  1914.  See  the  table  on  p.  379. 

5  A  critical  discussion  of  this  system  of  equations  will  be  found  in  Note  VI  at  the  end  of  this  memoir. 
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Wo  will  designate  by  N  the  number  of  turns  of  the  blade  screw  per  second,  and  call  relative 
pitch  the  quantity 

V 


(40) 


x  = 


NH 


which  expresses  the  ratio  of  the  pitch  of  the  trajectory  of  the  blade  element  considered  to  its 
own  pitch. 

Let  us  besides  designate  by  p.  and  call  advance  per  turn,  or,  shorter,  the  advance,  the  ratio 
V/N. 

We  have 

V  2  tV 


(41) 

As  H= 2 rr  tg  <p  we  also  have 


N  Q 


=  Hx 


(42) 


_E  =  V  =  Vtg<P  =  tg  <p 


ril  2tt  rN  NH 

The  specific  function  takes  the  form 


H 


■■  x  te 


(43) 

and  we  have 

(44) 


p  =  x 


tg  <P 


tg  (<p  +da) 


V 


P  tg  (<P  +  /SH)  =  a:tg^  =  — 


Let  us  introduce  the  notation 
(45)  a  cos  (*P  4-  /?h) 


2  sin2  (<p  —  i) 
The  equations  (37)  and  (38)  reduce  then  to 

(46)  v 


a  z 


V-rv 


=  a  z 


rco 


2v~aZ  (^4-^h) 

From  these  last  equations  we  find  directly  the  values  of  the  slip  and  race  velocities  v  and  rw: 
(48) 


(49) 


Vaz  _  az 

v  =  , — —  =  rti  z - x  tg <p 

1 -az  1  —  az  6 

=  tg  (<p  +  fa)  =  r  Q  a2  ^  x  tg  <p  tg  (fp  +  /3h) 


Introducing  these  last  values  in  the  expression  (20)  of  tg  (<p-i)  we  find; 

V+v  1 


tg  (<p—i)  = 


r  (12  —  co ) 


(1  a  Z)Lx  tg  ^  +  «] 

from  which  relation  we  get  the  value  of  the  relative  pitch 
(50)  x  _ _ (1-gg)  tg  (cp - i) 


tg  <p  [1  +  a  z  (1  +  a  z)  tg  (cp  +  jSH)  tg  (<p-i)] 
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Introducing  this  last  value  of  the  relative  pitch  in  the  expression  (43)  of  the  specific  function,  we 
find: 


(51) 


= _ (l-qg)tg  ( <p-i ) _ _ 

P  tg  (<p  +  /3h)[1  +  az  (1  +  az)  tg  (<p  +  j3H)  tg  (<p  —  %)] 


We  thus  see  that  the  relative  pitch  x  and  the  specific  function  p  of  a  blade  element  are  functions 
of  the  angle  of  attack  i  only.  We  can  therefore  consider  the  specific  function  as  being  a  function 
of  the  relative  pitch  only.  We  are  thus  brought  to  the  following  theorem : 

Theorem  II. —  The  specific  function  p  of  a  blade  element  is  a  function  of  the  relative  pitch  of 
the  same  blade  element  only. 

Substituting  in  the  expression  (12)  of  the  partial  thrust,  the  value  (48)  of  v  we  get: 


(52) 

and  introducing  the  notation 

(53) 

we  get 

(54) 


(1  —azy 

2az  _ 

(1  —  az)3~y 
AQ  =  q8AS  V2 


which  expression 


of  the  partial  thrust  is  similar  to  the  expression  of  the  fluid  resistance 


AR  =  ki8AAW 2 


We  will  call  load 
Introducing 
AR  the  value 

(55) 


coefficient  the  coefficient  q  defined  by  the  relation  (53). 

the  value  found  for  the  partial  thrust  A  Q  in  the  expression  (22),  we  find  for 

AR  Ag  __  q8ASV2 

n  cos  (<p  -f  - /?h)  n  cos  (<p  +  jSH) 


And  for  the  partial  torque  A  C  we  find  the  value: 

(56)  AC=AQrtg(,<p  +  &K)=rq8AS  F2tg  (<p+pa) 

The  work  developed  in  a  unit  of  time  and  the  power  absorbed  by  the  blade  elements  consid¬ 
ered  are  equal  to 

(57)  VAQ  =  q8ASV3 


(58) 


n  A  c=  V3  tg  fo- ffa) 

ztg*> 


Between  the  slip  s  and  the  relative  pitch  x  exists  the  relation 

V 

tl  — 

(59) 

from  which  follows 


h~n  V 
H  NH~1  x 


(60) 


X  —  l—  i 


Let  us  finally  agree  always  to  consider  the  indraught  and  the  outdraught  relative  to  the 
slip  stream  which  the  blade-screw  rotation  tends  to  produce. 


Chapter  II. 

THE  STUDY  OF  THE  SPECIFIC  FUNCTION. 

We  will  make  the  present  discussion  in  the  following  way:  On  one  hand  we  will  direct 
our  attention  to  the  blade  elements;  on  the  other,  we  will  follow  the  general  picture  of  the 
phenomenon  by  aid  of  our  system  of  fundamental  equations.  For  the  general  view  of  the 
different  states  of  work  of  the  blade-screw,  which  we  have  in  mind  here,  it  will  be  more  convenient 
to  fix  the  orientation  of  the  fluid  resistance  A R  relative  to  the  blade  element  by  aid  of  the  angle 


Fig.  6. 


/S'  between  A R  and  the  zero  line.  The  senses  adopted  as  positive  for  the  angles  /S'  and  i  are 
indicated  on  figure  6.  Substituting  for  /SH  in  the  formulae  (45),  (50),  (43),  (48),  (49),  (52) 
and  (56)  its  value 


we  get 
(61) 


aki  sin  (/S'  —  <p)  v 
^sin^i  —  <p)  ~  V  +  v 


(62) 

(63) 


1  —  az  _  V 

tg  <p[az{\  +  az) ctg(/3'  -  <p)  —  ct g(i  —  <p )]  ~  Nil 

z  tg  <p  =  VAQ 
p  ctg(/3'  —  <p)  Q.A  C 


/  d  A  \  t  7  ^  /-v  OjZ  , 

(64)  tg^ 

(65)  rw  =  +  az)  ctg  (./S' -<p)=rQxtg<p  ctg  (/S'  - <p) 

(66)  A  Q  =  2ASv  ( V+  v)8  =  A  S  V2  =  qSAS  V2 

(67)  AC  —AQ  r  ctg(/3 '  —  <p)  =rq8ASV2  ctg(/3'  —  <p) 

In  these  formulas  figure  the  two  empirical  functions  kt  and  /3',  the  general  course  of  which 
is  nearly  the  same  for  all  the  aerofoil  profiles.  For  variations  of  the  angle  of  attack  i  starting 
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from  zero,  the  empirical  function  /3'  increases  very  rapidly,  and  even  for  small  values  of  the 
angle  i  reaches  values  near  to  90°,  which  value  this  function  maintains  till  the  angle  of  attack 
approaches  180°;  for  values  of  the  angle  of  attack  near  180°  the  angle  /S'  rapidly  reaches  also 
the  value  of  180°.  The  empirical  function  also  increases  rapidly  with  the  angle  of  attack, 
up  to  a  certain  value  of  the  latter,  after  which  the  increase  of  becomes  moderate;  after  the 
angle  of  attack  has  reached  the  value  of  90°,  the  empirical  function 
decreases,  first  moderately,  afterwards  rapidly,  and  approaches  the 
value  zero  when  i  approaches  180°.  (See  Note  III  at  the  end  of 
this  memoir.) 

In  the  present  discussion  it  is  the  general  course  of  the  whole 
phenomenon  of  the  working  of  a  blade  screw  that  I  wish  to  estab¬ 
lish.  The  quantitative  side  of  the  question  will  he  taken  up  in  full 
detail  in  the  following  chapters.  This  is  why  in  this  chapter,  for 
the  simplicity  of  the  analysis  and  the  symmetry  of  the  results,  we 
will  assume  that  the  blade  elements  considered  are  simply  consti¬ 
tuted  of  flat  plates  with  the  blade  angle  <p  equal  to  45°. 

I  will  begin  by  two  general  remarks. 


v 


UL'UJ  O' 


\ 


w 


give 


W\1  /// 


Ufiiji 

f/<s.  /Zr. 

IjlJ-U-U  o' 

S\\vV/^' 

\\  \  I  It 

»  !  ,  M 

iU'in 


Remark  I. — The  expressions  (9a)  and  (9b)  of  page  174  will 
us  in  magnitude  and  sense  the  values  of  the  partial  thrust 
A Q  and  the  partial  torque  A C  when  A  M  and  A/"  are  always  taken  as 
positive.  But  the  relations  (1)  will  give  for  A  M  positive  values 
only  when  ( V+v)>0  or  (V+v")>0 ,  in  dependence  upon  the  ex¬ 
pression  adopted.  We  must  therefore,  in  the  expressions  of  A  M and 
A/",  change  the  signs  before  ( V+v )  and  (V+v")  when  these  last 
expressions  will  become  negative.  This  corresponds  to  a  change  in 
the  sign  before  az  in  the  equation  (46),  when  (V+v)  becomes  nega¬ 
tive,  and  in  the  equation  (47)  when  (V+v")  =  (V+2v)  becomes 
negative.  Thus,  for  (V+v)<0  and  (V+2v)  <0  the  second  mem¬ 
bers  of  the  equations  (46)  and  (47)  change  their  signs.  It  is  only 
with  such  changes  in  signs  that  the  equations  (12)  and  (13)  from 
page  23  become  compatible  with  the  equations  (22)  and  (23)  of 
page  26,  which  always  give  A Q  and  A C  in  magnitude  and  sense. 

Let  us  examine  in  their  general  outlines  the  phenomena  which 
accompany  the  change  of  signs  of  (L+v)  and  (V+v").  Let  us  con¬ 
sider  a  blade  screw  working  at  a  fixed  point,  and  let  us  communicate 
to  the  blade  screw  a  translation  along  its  axis  of  increasing  velocity 
in  the  sense  inverse  to  the  sense  of  the  thrust  produced  by  the  screw; 
or  let  us  consider  a  fluid  current  running  on  a  blade  screw  working 
at  a  fixed  point,  with  an  increasing  velocity,  uniform  in  the  whole 
current,  parallel  to  the  screw  axis  and  directed  on  the  screw  in  the 
sense  of  its  t  Since  in  the  slip  stream  created  by  the  blade 

screw  the  slip  and  race  velocities  decrease  as  we  move  away  from 
the  blade  screw,  starting  from  the  sections  S  and  S" ,  there  must  be 
formed,  as  soon  as  a  fluid  stream  is  directed  on  the  blade  screw  in  the  sense  above  indicated,  two 
surfaces  of  separation  through  which  there  must  be  no  flow  and  between  which  the  screw  will  be 
included.  This  state  of  things  is  schematically  represented  on  figure  7a.  When  the  velocity 
of  the  fluid  stream  directed  on  the  blade  screw  is  increased,  the  two  surfaces  of  separation  will 
approach  one  another,  and  there  will  be  a  moment  when  one  of  these  surfaces  of  separation 


1 1  j  u  ^ 

\  V\v 

\  \\  i 

\\\i  I 

Ukiiii 

/9g.  /&. 
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(it  will  be  the  one  disposed  in  the  indraught)  will  cross  the  space  swept  by  the  blades  of  the 
screw.  This  moment  will  correspond  to  the  change  of  the  sense  of  the  fluid  stream  crossing 
the  space  swept  by  the  blades  of  the  screw.  At  this  moment  the  sections  S  and  S'  of  the  slip 
stream  will  be  interchanged.  The  crossing  of  the  space  swept  by  the  screw  blades  by  the 
surface  of  flow  separation  is  characterized  by  the  conditions 

{V+v)  =o  and  i  =  <p 

which  bring  with  them  a  z  =  oo  and  therefore  x  =  o  for  V^o.  We  thus  see  that  we  must  have 
N=  go  t  is,  the  blade  screw  will  show  a  tendency  to  take  an  infinite  rotation.  The  thrust 
and  the  torque  of  the  blade  screw  have  the  tendency  to  disappear.  In  the  case  of  a  ship  pro¬ 
peller,  in  the  state  of  brake  work  of  the  propeller,  the  whirling  phenomenon  is  often  observed 
and  corresponds  to  the  conditions  just  described.  When  this  critical  point  of  work  is  passed, 
a  new  state  of  work  establishes  itself,  for  which  the  two  surfaces  of  flow  separation  are  disposed 
on  the  same  side  of  the  blade  screw.  We  have  (F+v)<o  but  {V+v")>o.  Between  the  two 
surfaces  of  flow  separation  there  will  appear  a  vortex  ring,  stationary  relative  to  the  blade 
screw,  whose  axis  coincides  with  the  axis  of  the  screw,  as  schematically  represented  in  figure  7b. 
I  have  named  this  last  state  of  work  of  the  blade  screw  the  vortex  ring  state  of  work.  This 
state  of  work  is  included  in  the  interval  ( V+v)=o  and  {V+v")  =  0.  We  will  designate  by 
<p  +  ip  the  value  of  the  angle  of  attach  which  corresponds  to  this  last  condition.  At  the 
moment  {V+v")  =  0,  the  fusion  of  the  two  surfaces  of  flow  separation  takes  place  (see  fig.  7c) 
which  is  immediately  followed  by  their  disappearing  as  soon  as  {V+v")  has  changed  its  sign, 
which  corresponds  to  the  change  of  sense  of  the  whole  stream  crossing  the  screw.  From  this 
moment  on,  the  slip  stream  created  by  the  blade  screw  is,  so  to  speak,  vanquished  by  the  out¬ 
side  stream  directed  on  the  screw.  The  ensemble  of  the  phenomena  is  just  that  which 
accompanies  the  change  of  sense  of  the  stream  crossing  the  blade  screw. 

For  the  vortex  ring  state  of  work,  and  for  the  states  of  work  near  to  the  last,  the  radial 
velocities,  near  the  space  swept  by  the  screw  blades,  have  sensible  values.  Under  such  con¬ 
ditions  our  system  of  equations  (61)— (67)  can  give  only  an  approximate  characteristic  of  these 
states  of  work,  for  the  detailed  study  of  which  the  radial  velocities  have  to  be  taken  into  account. 
I  will  limit  myself  here  to  the  establishment  of  the  existence  of  the  vortex  ring  state  of  work 
and  will  not  go  into  its  detailed  study.1 

Remark  II. — The  complete  cycle  of  states  of  work  of  the  blade  screw  includes  the  states 
of  direct  rotation,  that  is  rotation  in  one  sense,  and  of  reversed  rotation,  that  is  rotation  in  the 
inverse  sense.  The  states  of  work  of  direct  rotation  are  separated  from  the  states  of  work  of 
reversed  rotation  by  the  standing  states.  When  the  blade  screw  is  stopped  in  a  fluid  current, 
the  angles  of  attack  of  the  blade  elements  have  for  values 

-(2~^ )0T  'l=='la  =  2  +  <P 

We  thus  see  that  the  states  of  work  with  rotation  in  one  sense  are  included  in  an  interval  of 
variation  of  the  angle  of  attack  i  equal  to  ir.  On  the  other  hand,  it  is  easy  to  see  that  the 
states  of  work  of  rotation  in  one  sense  can  only  be  the  reproduction  of  the  states  of  work  of 
rotation  in  the  other  sense,  when  the  screw  blades  are  of  identical  configuration  on  both  sides. 
Under  such  conditions  all  the  quantities  characterizing  the  blade  screw  working  must  be 
periodical  functions  with  a  period  equal  to  r.  This  remark  will  allow  us  in  the  present  case, 
i.  e.,  of  blade  elements  constituted  by  flat  plates,  to  judge  of  the  values  of  the  function  con¬ 
sidered  in  an  interval  of  variation  of  i  equal  to  2t,  when  this  function  shall  have  been  studied 
in  an  interval  of  variation  of  i  equal  to  ir. 

1  The  author  has  been  deprived  of  the  possibility  of  reproducing  experimentally  this  interesting  vortex  ring  state  of  work.  All  the  foregoing 
description  of  the  phenomenon  has  been  obtained  by  its  purely  analytical  discussion. 
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As  for  the  standing  states  above  mentioned,  it  must  be  noted  that,  the  screw  having  no 
rotation,  the  phenomenon  of  the  slip  stream  disappears,  and  it  is  to  be  expected  that  our  system 
of  equations  will  give  only  an  approximate  characteristic  of  these  standing  states.  But  when 
the  standing  states  establish  themselves  we  have  simply  to  do  with  an  immobile  screw  plunged 
in  a  fluid  current  directed  along  its  axis,  and,  accordingly,  this  standing  state  can  be  very  easily 
submitted  to  a  direct  experimental  study,  since  we  have  only  to  measure  the  drag  of  the  blade 
screw  and  the  torque  necessary  to  prevent  its  rotation. 


Having  established  the  existence  of  the  vortex  ring  state  of  work  and  the  periodicity  of 
the  function  describing  the  blade-screw  work,  we  shall  study  first  from  a  purely  analytical 
standpoint  the  general  character  of  variation  of  the  principal  functions  occurring  in  the  blade- 
screw  theory. 

Let  us  first  examine  the  general  course  of  the  functions  az  and  ctg  (J5'  —  <p)  which  figure  in 
all  the  formulae  (62)-(67),  and  which  depend  upon  the  empirical  functions  k{  and  /S'. 

We  have 


(68) 


akj  sin  Q3'  —  <p)  v 
2  sin2  (i-  <p)~  V+v 


For  i  =  cp,  az=  +  co  ;  the  function  az  has  an  asymptote  parallel  to  the  axis  of  ordinates  and 
we  have  (F+v)=0.  The  function  az  is  equal  to  zero  for  ] 8'  =  <p  which  corresponds  to  a  very 
small  angle  of  attack  i  =  e.  For  values  of  the  angle  of  attack  included  between  e  the 

function  az  takes  positive  values.  For  (V+v")=0,  we  have  az=  - 1,  the  angle  of  attack 
having  the  value  i  =  —  [7 r  —  (<p  +  'A)].  In  the  interval  —  [71-  —  (<p  -f  i/')]  <  <pf  the  function  az  takes 
negative  values.  The  general  course  of  the  function  az  is  represented  in  figure  8,  where  the 
sign  of  az  has  been  changed  in  the  interval  i<  —  (t  —  <p)  and  i>(<p  +  \p).  The  function  az  appears 
then  as  a  periodical  function  with  a  period  equal  to  ir,  in  complete  agreement  with  the  fore¬ 
going  remarks,  and  under  such  conditions  the  system  of  equations  (62)-(67)  can  be  considered 
in  the  whole  interval  of  variation  of  i  between  0°  and  ±  180°,  with  the  exception  of  the  interval 
corresponding  to  the  vortex  ring  state  of  work.  For  this  last  state  of  work  the  portion  of  the 
curve  of  az  is  plotted  in  dots,  in  agreement  with  the  change  of  sign  in  the  equations  (46)  and 
(47)  indicated  above.  In  this  same  figure  8  is  represented  the  general  course  of  the  function 
ctg03'  — <p),  which  directly  follows  from  the  general  course  of  the  empirical  function  /3'. 

After  having  established  the  general  character  of  variation  of  the  functions  az  and 
ctg03'  —  <p),  it  will  be  easy  to  follow  the  general  course  of  the  functions: 


(69) 

(70) 

(71) 

(72) 

(73) 

(74) 
(53) 


v 


az 


V  1  —az 
rco  az(  1  +  az) 

V 


x  = 


1  —  az 
1  —  az 


ctg  03  '-<p) 


P  = 


tg  <p[az(l-\  az)ctg(fi' -  <p)  NH 

1  —  az  x  tg  <p 


ctg 03'  -  <p)[az{l  +  az)ctg03'  -  <p)  - ctg(i-  <p)]  ctg03'  -  <p) 

v  ,  az 
rfi  ®  ^  1  —az 

£=*tg,,241±^>ctg(0'-ri 

hu  1  ——  Q/2 

2az 

2  (1  -az)2 
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By  aid  of  these  functions  we  can  in  all  the  cases  appreciate  the  values  of  the  slip  and  race 
velocities  and  follow  the  variation  of  the  specific  function  and  the  partial  thrust.  In  all  the 
following  diagrams  the  parts  of  the  curve  corresponding  to  the  vortex  ring  state  of  work  are 
represented  by  dots. 

In  figure  9  are  represented  the  functions  v/V  and  rujV.  These  functions  have  an  asymp¬ 
tote  in  common  for  az  =  1,  that  is,  F  =  0;  the  function  rw/V  has  also  an  asymptote  parallel  to 
the  axis  of  ordinates  for  az  =  oo ;  that  is  (F+,y)=0.  Both  functions  are  equal  to  zero  for 
az  =  0.  The  function  rw/F  is  equal  to  zero  once  more  for  az=  —  1;  that  is  (F+v")=0.  A 
maximum  and  minimum  of  the  function  ra>/ F  are  fixed  by  the  condition 

d  az  (1  +az)~\  =  „ 
d(az)  L  1  —az  J 

taking  into  account  that  ctg  (/S'  —  <p)=l  for  angles  of  attack  having  values  not  too  close  to  0° 
or  ±  180°.  From  the  foregoing  equation  we  find 

(%)  =(l±V2I@±V2)foro,  =  1±V2 

\V/S  TV2 

In  Fig.  12  are  represented  the  functions  x  and  p.  For  i  —  o,  the  relative  pitch  x  being  smaller 
than  unity  has  values  near  unity.  The  relative  pitch  £  is  equal  to  zero  for  az  —  1  and  az  =  co  and  goes 
through  a  maximum  between  the  values  of  az  which  correspond  to  values  of  the  angle  of  attack 
included  between  i  =  iQ  and  i~<p.  As  by  definition  x=  V/NII,  the  relative  pitch  can  take  the 
value  zero  only  for  F=0  or  N—  .  But  to  the  value  i  =  <p  corresponds  the  beginning  of  the 
vortex  ring  state  of  work  with  N=  oc  ;  as  a  consequence,  to  the  value  i  =  i0  will  correspond  F=0, 
that  is,  the  state  of  work  at  a  fixed  point.  The  relative  pitch  x  =  oc ,  that  is,  admits  an  asymptote 
parallel  to  the  axis  of  ordinates,  for 

az(l  +  az)  ctg  (/S'  —  <p)=  ctg  (i  —  <p) 

This  last  relation  gives  two  values  for  the  angle  of  attack  i,  one  positive,  the  other  negative, 
which  are  approximate  values  of  the  angles  of  attack  corresponding  to  the  standing  states, 
while  for  2  =  00  we  have  N=0  on  account  of  the  relation  x=  VINE.  It  is  easy  to  see  that  the 
angles  of  attack  of  the  standing  states  have  for  exact  values 


In  the  interval  i'a  <i<i0  the  relative  pitch  takes  positive  values.  In  the  interval  i0<i< ia 
the  relative  pitch  takes  negative  values.  For  angles  of  attack  whose  difference  from  the  pre¬ 
ceding  values  are  equal  to  180°  the  relative  pitch  takes  the  same  values.  For  values  of  i  for 
which  ctg  03'  —  we  have  p~x,  while  we  admit  <p  =  45°.  The  specific  function  p  =  co, 

that  is,  admits  an  asymptote  parallel  to  the  axis  of  ordinates  for  ctg  (/S'  —  <p)  =  0,  which  corre¬ 
sponds  to  i  =  —e.  In  the  interval  i'a<i<  —  e  the  specific  function  p  has  a  minimum  greater 
than  unity,  and  has  a  maximum  less  than  unity  in  the  interval  —  €  <  i  <  i0. 

In  figure  10  are  represented  the  functions  u/Q  and  v/rQ.  It  is  easy  to  see  that  for  small 
values  of  az  we  have  These  functions  have  the  same  asymptotes,  parallel  to  the 

axis  of  ordinates,  as  the  relative  pitch  x,  and  are  equal  to  zero  for  az  =  0,  that  is,  i  =  e.  When 
i  tends  toward  its  value  i  =  <p  the  function  w/12  tends  toward  unity,  and  the  function  v/rQ, 
tends  toward  zero.  The  function  ca/Q  is  equal  to  zero  for  az=  —  1. 

In  fig.  11  is  represented  the  general  course  of  the  function  q.  This  function  is  equal  to 
zero  for  az  =  0  that  is,  i  =  e  and  for  az  =  oo  ,  that  is,  i  =  <p.  This  function  has  an  asymptote  parallel 
to  the  axis  of  ordinates  for  az=  1,  that  is,  i  =  i0-  This  function  takes  positive  values  in  the 
interval  e<i<<p  and  negative  values  in  the  interval  €>i>  —  (t  —  <p). 
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After  these  preliminary  considerations  we  can  pass  to  our  general  discussion. 

On  figure  A  the  specific  function  p  is  represented  as  a  function  of  the  relative  pitch  x.  On 
figure  B  is  represented  the  complete  system  of  states  of  work  of  the  blade  screw,  whose  con¬ 
tinuous  sequence  we  shall  establish  by  the  study  of  the  specific  function.1 

We  shall  start  our  discussion  from  the  moment  when  the  screw  rotates  at  a  fixed  point 
with  the  angular  velocity  12  (see  fig.  B,  1).  We  have  F=0.  Under  such  conditions  the  blade 
screw  can  fulfill  the  functions  of  a  fan,  or  a  lielicoidal  pump,  or  be  a  lifting  screw  (helicopter 
screw).  The  relative  pitch  x  and  the  specific  function  p  are  both  equal  to  zero.  The  function 
az,  as  directly  follows  from  relation  (61),  is  equal  to  unity. 


(76) 


aki  sin  (j 3'  —  <p) 
2  sin2  (i  —  <p) 


This  last  relation  fixes  the  value  of  the  angles  of  attack  of  the  blade  elements  considered,  for 
the  work  of  the  screw  at  a  fixed  point.  We  will  designate  by  i0  the  angle  of  attack  defined  by 
the  relation  (76),  as  has  already  been  mentioned  in  the  foregoing.  It  is  easy  to  see  that  this 
last  value  of  the  angle  of  attack  is  independent  of  the  angular  velocity  12  of  the  screw  rotation. 

The  slip  velocity  in  the  indraught  being  equal  to 

_  ^  az  ,  az-rti 

C77)  i_ az  x  '£  v  ~az(l  +  az)  ctg  (/S'  —  <p)~ ctg  (i  —  <p) 


substituting  az  =  1  we  get 
(78) 


_  r!2 _ _ 

~  2  ctg  —  —  ctg  (i0-<p) 


When  the  values  of  i0  and  v0  are  known,  the  relations  (66)  and  (67)  give  the  value  of  the 
partial  thrust  A Q  and  partial  torque  AC  of  a  blade  screw  working  at  a  fixed  point. 

We  will  designate  by  fan  velocity  the  slip  velocity  in  the  section  S",  that  is  v"  =  2v.  It  is 
to  be  noted  that  this  fan  velocity  is  in  direct  connection  with  the  thrust.  If  the  blade  screw 
produces  a  thrust,  there  must  necessarily  be  a  fan  velocity;  and,  inversely,  when  there  is  a  fan 
velocity,  there  must  be  a  thrust.  Such  a  state  of  things  is  a  direct  consequence  of  the  momen¬ 
tum  theorem. 

We  will  estimate  the  blowing  effect  of  a  blade  screw  by  the  quantity 


(79) 


3^A  Mv"2  y^ACflvp  v 
Pv  MG  ~  VA  Q  ~PV 


(80) 


=  az _ _ az  tg  (&'  —  <p) _ 

Pv  p  1  -  az  ~az{l  +  az) ctg  (/S'  -  <p)  -  ctg(i  -  <p) 


which  we  will  call  fan  efficiency.  In  certain  cases,  when  the  blade  screw  is  propulsive,  for  exam¬ 
ple,  the  fan  efficiency  represents  in  reality  the  fan  losses,  which  we  will  in  such  cases  designate 
by  pv.  We  shall  take  up  this  last  question  more  in  detail  in  the  following.  When  a  blade  screw 
is  working  at  a  fixed  point,  the  fan  efficiency  gives  a  valuation  of  the  whole  useful  work  pro¬ 
duced  by  the  screw,  which  exclusively  consists  in  ventilation,  or  more  generally  in  transfer  of 
a  fluid.  In  such  cases  we  will  designate  the  fan  efficiency  by  p0.  Substituting  in  the  relation 
(79)  az=  1,  which  corresponds  to  7=0,  we  get 


(81) 


tg  (j6'  -  <p) 

p0  2  ctg(j3'  -<p)  —  ctg (i0  -  <p) 


To 

ri 2 


tg(0 '-<?) 


1  For  a  better  view  of  the  general  course  of  the  specific  function,  some  parts  of  it  have  been  plotted  on  a  larger  scale  in  fig.  B .  In  fig.  13  is  given 
an  exact  drawing  of  the  specific  function  in  agreement  with  the  foregoing  diagrams.  It  must  be  noted  that  the  extension  of  the  different  parts  of 

the  specific  function  curve  depends  upon  the  type  of  blade  screw  considered. 
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The  state  of  work  of  the  blade  screw  at  a  fixed  point  is  schematically  represented  in  figure 
B,  1.  On  the  curve  of  the  specific  function  (see  fig.  A)  the  origin  ( x  —  o ,  p=o )  is  the  represent¬ 
ative  point  of  the  work  at  a  fixed  point.  In  this  same  figure  A,  I  have  represented  the  curve 
of  the  fan  efficiency  p„  as  a  function  of  the  relative  pitch. 

Let  us  now  allow  the  blade  screw  to  take  a  translatory  motion  in  the  sense  of  its  thrust. 
The  blade  screw  will  become  an  helicoidal  propeller.  The  specific  function  will  represent  its  effi¬ 
ciency.  As  the  velocity  V  goes  on  increasing,  the  relative  pitch,  starting  from  zero  value,  will 
take  positive  values.  The  angle  of  attack  i  will  go  on  decreasing;  the  function  az  will  remain 
positive,  but  less  than  unity.  As  long  as  the  angle  of  attack  remains  in  the  interval  for  which 
/S'  has  values  near  to  t/2,  the  efficiency  p  will  be  nearly  equal  to  the  relative  pitch  x,  as  directly 
follows  from  relation  (63).  But,  when  we  reach  the  interval  of  values  of  the  angles  of  attack 
i  for  which  (3'  decreases  rapidly,  the  specific  function  p,  after  having  reached  a  maximum  always 
less  than  unity,  will  rapidly  decrease.  This  maximum  of  the  specific  function  corresponds  to 
the  maximum  of  the  propeller  efficiency.  The  propulsive  state  of  work  of  the  blade  screw  will 
end  when  the  specific  function  retakes  the  zero  value,  by  the  fact  that  the  partial  thrust  AQ 
becomes  equal  to  zero.  At  this  moment  /3'  =  <p  and  the  angle  of  attack  has  the  very  small  positive 
value  e.  The  function  az  is  equal  to  zero.  The  relative  pitch  x  has  a  value  very  near  unity 
but  a  trifle  less.  In  effect,  from  the  relation  (62)  we  directly  find: 


x  = 


1  —  az 


\~aki  sin  (0'  —  <p  ,,  ,  ,  cos  (/3 '  -  <p)  x 

(1  +  03)  V)  ~ ctg  (l 


i-v)  Jtg  ip 


and  substituting  /3'  =  <p;  az  =  o;  i  =  e  we  get: 


(82) 


x  = 


tg(y-c) 


[2  sin*  - 1 0*  (•-  *)  }g  *  tg  „ 


It  is  thus  seen  that  the  propulsive  state  of  work  of  the  blade  screw  is  included  in  the  interval 

(83)  0<x<  1 
in  which 

(84)  0<az<l; 

(85)  0<p<l 

The  propulsive  state  of  work  of  the  blade  screw  is  schematically  represented  in  figure  B,  2. 
It  is  easy  to  recognize  on  figure  A  that  part  of  the  specific  function  which  corresponds  to  the 
efficiency  of  the  propulsive  screw.  If  the  point  x=  1  on  the  axis  of  abscissae  is  adopted  as  origin, 
and  the  inverse  sense  of  this  axis  taken  as  positive,  the  specific  function  will  then  represent  the 
well-known  curve  of  the  propeller  efficiency  as  a  function  of  the  slip  s  =  1  —  x. 

When  the  angle  of  attack  decreases,  starting  from  the  value  i  —  e,  the  relative  pitch  x  will 
remain  positive  and  will  go  on  increasing;  and  from  the  propulsive  state  of  work  of  the  screw  we 
will  fall  into  a  very  short  intermediate  state  of  brake  work,  which  will  bring  us  asymptotically  to 
the  turbo-motor  state  of  work  of  the  blade  screw.  This  intermediate  state  of  brake  work  cor¬ 
responds  to  very  small  variations  of  the  angle  of  attack  from  i  =  e  to  i=-e  (considering  <p =45°) , 
the  angle  0'  varying  from  /3'=<p  to  0'  =  —<p  (see  fig.  B,  2  and  3).  The  value  x=l  (for  i  =  0 
and  0'=O  is  thus  included  in  this  intermediate  state  (see  fig.  A).  For  0'=— we  have 
ctg  ((3'  —  <p)  =  0,  A (7=  0,  p—  ±  00.  The  branch  of  the  specific  function  corresponding  to  the 
intermediate  brake  state  has  an  asymptote  parallel  to  the  axis  of  ordinates.  The  value  of  the 
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relative  pitch,  abscissa  of  this  asymptote,  although  greater  than  unity,  is,  however,  near  to 
unity,  and  its  value  is  obtained  by  setting  i  =  e  in  the  relation  (62). 

At  the  right-hand  side  of  the  asymptote  just  described  is  disposed  the  branch  of  the  specific 
function  which  from  positive  infinity  quickly  reaches  a  minimum  greater  than  unity — as  directly 
follows  from  the  equation  (63) — and  takes  afterwards  values  increasing  up  to  infinity,  by  a 
parabolic  branch  nearly  rectilinear  and  bisecting  the  angles  of  the  positive  axes  of  coordinates, 
while  for  — 7r/2  we  have  x^p  (see  fig.  A).  This  branch  of  the  specific  function  corresponds 
to  the  turbo-motor  state  of  work  of  the  blade-screw,  schematically  represented  in  figure  B,  4. 
In  this  interval  the  specific  function  is  equal  to  the  inverse  of  the  efficiency  pT  of  the  turbo-motor. 

(86)  Pt  —  ~~ 

p 

The  curve  of  the  efficiency  pT  is  represented  by  dots  in  figure  A.  For  the  study  of  the  turbo¬ 
motor  state  it  is  more  convenient  to  consider  the  efficiency  pt  =  Vp  as  a  function  of  zT  =  1/z. 
The  curve  of  pT  will  then  be  like  the  curve  of  the  efficiency  p  of  the  propulsive  screw.  In  the 
study  of  the  turbo-motor  state  of  work  we  will  use  these  last  variables.  The  turbo-motor  state 
of  work  is  ended  by  the  stoppage  of  the  blade  screw  (see  fig.  B,  a ').  This  takes  place  when  the 
torque  of  the  resistance  applied  to  the  turbo-motor  axis  becomes  equal  to  the  turbo-motor 
torque.  At  this  moment 

(87)  x  =  oo ;  p  =  ;  #T  =  0 ;  pT  =  0 

We  thus  see  that  tbe  turbo-motor  state  is  included  in  the  interval: 


(88)  l<z<oo;  0 < Zt <  1 
in  which 

(89)  0 >az>  —  1 ;  -e>i> 

(90)  l<p<  go;  0<pT<l 


If  we  now  apply  to  the  turbo-motor  axis  a  power  and  oblige  it  to  rotate  in  the  inverse  sense, 
the  blade  screw  will  be  transformed  into  a  hydraulic  brake  (see  fig.  B,  IV').  To  this  last  state 
of  work,  included  in  the  interval 

(91)  —  oo  <£<0 

corresponds  that  part  of  the  specific  function  curve  which  from  negative  infinity  by  a  nearly 
rectilinear  branch,  bisecting  the  angle  of  the  negative  axes  of  coordinates,  is  directed  toward 
the  origin. 

Let  us  now  return  to  the  screw  working  at  a  fixed  point  and  oblige  it  to  take  a  transiatory 
motion  in  the  sense  inverse  to  it3  thrust.  The  blade-screw  will  produce  a  braking  action  (see 
fig.  B,  2').  The  relative  pitch  x  and  the  specific  function  will  take  negative  values  whose  abso¬ 
lute  magnitude  will  at  first  increase;  the  curve  of  the  specific  function  will  nearly  follow  the 
bisectrix  of  the  angle  of  the  negative  axes  of  coordinates,  because  /3'  has  values  near  to  t(2;  but, 
as  in  this  interval  az  is  a  function  increasing  up  to  infinity,  p  and  x,  after  having  reached  a 
maximum  in  magnitude,  will  retake  zero  values.  In  fact,  dividing  the  relation  (62)  by  az 
we  get: 
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which  expression,  for  a  2=  00 ,  is  equal  to  zero.  But  after  having  reached  zero  values  p  and  x 
retake  negative  values.  We  thus  see  that  in  this  interval,  the  specific  function  describes  a 
loop,  reaches  the  origin  by  a  cusp  and  by  a  parabolic  branch  nearly  rectilinear  and  bisecting 
the  angles  of  the  negative  axes  of  coordinates,  goes  to  negative  infinity  (see  fig.  A).  When  the 
specific  function  describes  the  loop,  we  find  ourselves  in  the  first  brake  state ,  characterized  by 
the  formation  of  two  surfaces  of  flow  separation.  (See  fig.  B,  2'.)  The  cusp  corresponds  to  the 
whirling  phenomenon  mentioned  in  the  foregoing,  characterized  by  the  disappearing  of  the  brake 
action  and  the  tendency  of  the  blade-screw  to  take  an  infinite  rotation.  Afterwards  the  vortex 
ring  state  establishes  itself,  during  which  takes  place  the  change  of  the  sense  of  the  fluid  current 
crossing  the  blade-screw.  (See  fig.  B,  3'.)  The  vortex  ring  state  is  ended  by  the  fusion  and 
disappearing  of  the  surfaces  of  flow  separation,  after  which  a  second  brake  state  establishes  itself. 
(See  Fig.  B,  4'.)  If  it  is  the  screw  that  has  a  translatory  motion,  we  have  to  do  with  a  braking 
action  as  in  the  case  of  ship  propellers.  If  it  is  a  fluid  current  that  is  directed  on  the  blade- 
screw  we  have  to  do  with  a  hydraulic  brake.  The  second  brake  state  finishes  by  the  stoppage 
of  the  screw  with  x  =  p--=  ±  °°.  (See  fig.  B,  a.)  If  we  now  continue  to  move  the  blade- 

screw  in  the  same  sense,  or  direct  on  the  screw  in  the  inverse  sense  a  fluid  current,  and  allow 
the  screw  to  take  a  rotation  in  an  inverse  sense,  we  fall  once  more  into  the  turbo-motor  state, 
but  only  with  a  rotation  in  inverse  sense.  (See  fig.  B,  IV.)  The  two  stoppage  states  a'  and  a 
thus  separate  the  states  of  work  with  rotation  in  one  sense  from  the  states  of  work  with  rotation 
in  the  inverse  sense.  The  states  of  work  of  reversed  rotation  are  represented  in  figure  B. 
They  constitute,  as  it  were,  a  picture  as  reflected  in  a  mirror  of  the  states  of  work  of  direct 
rotation,  and  they  close  the  complete  cycle  of  all  the  states  of  work  which  a  blade-screw  can 
run  through.  In  the  case  of  the  blade  angle  <p  =  45Q,  the  states  of  work  of  direct  rotation  are 
quantitatively  identical  with  the  states  of  work  of  reversed  rotation.  In  the  general  case  the 
states  of  work  of  direct  rotation  will  be  only  qualitatively  like  the  states  of  work  of  reversed 
rotation. 

If  we  now  look  back  to  the  foregoing  discussion,  the  following  picture  appeal's:  The 
complete  cycle  of  the  states  of  work  which  a  blade  screw  can  run  through  consists  of  seven 
states  of  direct  rotation  and  seven  states  of  reversed  rotation,  separated  by  the  standing  states.1 
The  states  of  reversed  rotation  constitute,  as  it  were,  a  reflected  image  of  states  of  direct  rota¬ 
tion.  Figure  B  gives  a  schematical  representation  of  the  complete  cycle  of  these  states  of 
work.  The  specific  function  unites  into  a  continuous  whole  all  this  system  of  states  of  work 
of  the  blade  screw.  The  zero  and  infinite  values  of  the  specific  function  separate  the  different 
states  of  work  one  from  the  other.  The  maxima  and  minima  of  the  specific  function  indicate  the 
most  favorable  working  conditions  of  the  blade  screw  in  the  corresponding  states. 

I  shall  finish  this  chapter  by  mentioning  two  very  interesting  cases  of  blade-screw  working 
which  at  first  glance  may  appear  rather  paradoxical. 

Let  us  consider  a  blade  screw  with  a  constructive  pitch  equal  to  infinity,  whose  blades 
have  tlieir  sides  of  different  configuration.  (See  fig.  14.)  It  is  evident  that  the  rotation  of 
such  a  screw  at  a  fixed  point  will  produce  no  thrust.  But  it  is  sufficient  to  communicate  to 
such  a  screw  a  translation  in  one  sense  or  in  the  other  to  get  a  thrust.  The  propulsive  thrust 
will  appear  from  the  moment  when  the  velocity  W  has  such  an  incidence  on  the  zero  line  that 
the  fluid  resistance  A R  will  be  disposed  on  the  same  side  of  the  screw  rotation  plane  as  W. 
With  the  notations  of  figure  14  we  will  have  a  propulsive  thrust  as  soon  as  the  angle  of  attack 
has  a  value  greater  than  the  one  which  corresponds  to 


1  Exactly  speaking  to  these  16  states  of  work  has  to  be  added  a  17th  state;  it  is  the  one  with  V—  0;  Q—0  disposed  between  the  two  states  of 
work  at  a  fixed  point  with  direct  and  reversed  rotation.  The  complete  cycle  of  states  of  work  of  a  blade  screw  is  thus  a  double  cycle. 
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Let  us  consider  again  a  screw  with  blades  of  different  configuration  on  its  sides,  but  with 
a  constructive  pitch  equal  to  zero.  (See  fig.  15.)  It  is  evident  that  such  a  screw  disposed  in 
a  fluid  current  parallel  to  its  axis  will  take  no  rotation.  But  it  is  sufficient  to  communicate 
to  such  a  screw  a  rotation  in  one  sense  in  order  for  the  screw  to  remain  rotating  in  that  sense. 
The  blade  screw  will  become  a  turbo-motor  from  the  moment  when  the  angle  of  attack  takes 
such  values  that  W  and  A R  are  both  disposed  on  the  same  side  of  the  plane  of  the  screw  rota¬ 
tion.  Those  values  of  the  angle  of  attack  depend  upon  the  disposition  of  the  zero  plane  relative 
to  the  blade  sections  considered.  The  working  of  blade  screws  under  this  last  condition  is 
known  under  the  name  of  autorotation  1  and  has  been  observed  by  several  experimenters. 


Fig.  14. 


Our  system  of  fundamental  equations  easily  embraces  these  two  cases  of  work  of  a  blade 
screw  and  allows  their  complete  quantitative  study.  These  two  cases  of  blade  screw  work 
are  particularly  fitted  to  show  the  great  importance  of  the  effective  pitch.  In  the  cases  con¬ 
sidered,  the  constructive  pitches  have  values  equal  to  zero  and  infinity,  but  the  effective 
pitches  have  finite  values,  and  there  is  nothing  paradoxical  in  these  cases. 

After  this  general  review  of  the  phenomenon  of  working  of  a  blade  screw,  we  will  pass  to 
the  special  quantitative  study  of  the  different  working  states  which  can  take  place  for  a  blade 
screw;  we  shall  begin  with  those  states  of  work  which  are  the  most  important  owing  to  their 
technical  applications. 


See  “La  Technique  Aeronautique,”  Tome  I,  No.  3,  p.  108, 1910. 


Chapter  III. 


THE  STUDY  OF  THE  PROPULSIVE  SCREW. 


For  the  study  of  propulsive  screws  or  propellers  it  is  more  convenient  to  use  the  angle  /3H 
which  we  will  for  simplicity  designate  by  /3  in  all  this  chapter.  In  the  first  chapter  we  have 
established  the  following  system  of  formulas: 

* 


(92) 


v  aid  cos  (y  -f  g)  aki  cos_(^  +  /)) . 
a2~  V +v~  2  sin 2  —  =  2sina(<p  —  i)  ’ 


(93) 

(94) 


_V_  = _ (l-az)tg(y-i) _ . 

x  NH  t.g  *>[1  +az(\  +az)tg(<p  +  0)tg(<f>-i)y 

VAQ  _  x  tg  y  _ _ (1  — qg)tg(<f>  — i) _ . 

OA<7_  tg(*>  +  /3)_tg((5  +  /3)[l  +  az(l  +  a2)tg(.(>  +  0)tgOjj  — i)j’ 


(95) 

(96) 

(97) 

(98) 

(99) 


r^aj^Vtg(v+0)^aj^ptg^  +  lj). 

A$  =  28ASv  (  V + v)  =  q8AS  V2; 

2  az 

q~(l-az)2’ 

AC=AQrtg(v5  +  (3); 


In  the  second  chapter  we  have  introduced  the  notion  of  fan  efficiency 

(100)  az  _  _ az  — i) 

Pv~  QAC  ~  p  1  -  az  ~  tg  (<p  +  /3)  [1  +  a2  (1  +  az)  tg  (<p  + 0)  tg  (<p  - i)] 

Introducing  this  quantity  in  the  formulae  (95)  and  (96)  we  get 

(101)  V  =  7'Slpvtg  (<p+p) 

(102)  rw  =  (1  4-  az)r£2pp  tg2  (<p  +  0) 
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For  the  case  of  a  propeller  the  fan  efficiency  pv  represents  the  fan  losses  pv.  We  thus  have 


(103)  Pv  =  Pv 

For  the  propeller  working  at  a  fixed  point  we  have  V=  0  and  consequently 

(104)  az—l 

as  directly  follows  from  relation  (92).  The  condition  (104)  can  also  be  written  1 

(105)  _  rib  2  sin2  (<p-i0)_  _  2  sin3  ( <p-ia ) 

“27rr  ^cos(^  +  j80)==H0cos(v?4-j30) 

This  last  relation  defines  the  angle  of  attack  of  the  blade  element  considered  for  the  blade 
screw  working  at  a  fixed  point.  As  this  last  relation  does  not  contain  the  angular  velocity 
we  are  brought  to  the  following  important  theorem,  which  gives  the  fundamental  characteristic 
of  the  fixed  point  screw  working: 

Theorem  III. —  When  a  blade  screw  is  working  at  a  fixed  point ,  the  angles  of  attack  of  all 
the  blade  sections  have  constant  values  independent  of  the  angular  velocity  of  the  screw  rotation. 

We  are  thus  brought  to  the  conclusion  that  for  a  blade  screw  working  at  a  fixed  point  all 
the  quantities  that  are  functions  only  of  the  angles  of  attack  of  the  different  blade  sections 
keep  constant  values  independent  of  the  variations  of  the  screw  rotation. 

In  the  second  chapter  it  was  also  mentioned  that  for  the  fixed  point  screw  working  the  fan 
efficiency  gives  the  evaluation  of  the  whole  useful  action  produced  by  a  blade  screw,  which 
consists  in  blowing,  or,  more  generally,  in  transfer  of  a  fluid.  Substituting  in  the  formulas 
(100),  (101),  and  (102)  az  =  1  and  replacing  pv  by  p0  we  get: 


(106) 

(107) 

(108) 


_ _ tg  (<P  —  i0) _ 

Po  tg  (<p  +  i 30)  [1  +2  tg  (<p  —  i0)  tg  (<p+P0)i’ 

v0  =  rtt0p  tg  (<p  +  Po) 
ra)0  —  2rft0p0  tg2  (<p  +  p0) 


We  thus  see  that  the  partial  efficiency  p0  of  a  blade  screw  at  a  fixed  point  has  a  constant  value  inde¬ 
pendent  of  the  angular  velocity  %  and  float  the  slip  and  race  velocities  v0  and  no0  are  proportional  to 
the  angular  velocity  f20.  The  slip  stream  created  by  the  blade-screw  rotation  at  a  fixed  point 
remains  thus  similar  to  itself  independent  of  the  angular  velocity  of  the  screw.  The  configuration 
of  the  stream  lines  of  the  slip  stream  remains  thus  invariable  relative  to  the  screw  axis;  and 
it  is  only  the  velocities  along  these  stream  fines  which  vary  proportionally  to  the  angular  velocity 
of  the  blade  screw. 

The  values  of  the  partial  thrust  and  partial  torque  of  a  blade  screw7  working  at  a  fixed  point 
are  given  by  (see  the  relations  (97)  and  (99)): 

(109)  A Q0  =  28ASv02  =  28ASr*Q0W  tg2  (<p  +  do) 

(110)  A <70  =  25rA£r2002p02  tg3  (*>+&) 
and  it  is  easy  to  see  that  we  have 

(111)  V>.A  Mv”2  vnA  CL  vn  1 


y2AMv"2  v0A  Q, 

P°  S2.AC, 


fl0AC„  rfi0tgO+ft,) 


1  All  the  quantities  relating  to  the  work  of  a  blade  screw  at  a  fired  point  are  marked  by  a  sub  rero. 
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From  this  last  relation  it  directly  follows  that  for  the  evaluation  of  the  useful  action  of  a  blade 
screw  at  a  fixed  point,  the  slip  velocity  v0  plays  the  same  role  as  the  velocity  V  of  a  propulsive 
screw. 

The  expression  (97)  of  the  partial  thrust  becomes  indeterminate  for  1'  =  0  because  we  have 
l  2.  q  =  0.  It  is  why,  when  we  have  to  follow  the  work  of  a  propulsive  screw  up  to  the  fixed 
point,  it  is  more  convenient  to  consider  another  form  of  the  partial  thrust  which  can  be  obtained 
from  the  expression  (97),  putting  in  evidence  in  it  the  angular  velocity  f2.  We  have: 


but  as 

we  have 

(112) 


V 2  _ 

^/w203  I 


A  Q  =  q8AS  V 2  =  q8AS^r2tt2; 
V  t 

2 az  tgz  (<p  —  i) 


Vfi2  [1  +az  (1  +az)  tg  (<p  +  (3)  tg(<p—  i)]2 
and  on  account  of  the  relation  (100) 

(113)  ..  V2 
We  thus  finally  get 

(114) 


A Q  =  28ASr2Q?  ~  tg2  (*>  +  /S) 


This  last  relation  goes  directly  over  into  the  expression  (109)  for  7=0  (az  =  1 ;  i^i0). 
Adopting  the  notation 


(115) 
we  get 

(116) 

(117) 
with 

(118) 


a> = i(r2,  „  ,  ov  _  <*2  tg* Op -i) 

az  s  w  p)  ....  _j_  a2( i  +  az' )  + ^  tg 


AQ  =  2q  dASr2®? 
AQ0  =  2£8ASr3Q0> 


(in  4-  ft  1  =  _  tg  Op i0 ) _ 

q°  Po  g  (*  +  ^o)  [1  +  2  tg  + P0)  tg  (<p  —  i0)F 


I  will  limit  m}Tself  here  to  these  brief  general  considerations  concerning  the  work  of  a 
blade  screw  at  a  fixed  point,  which  we  will  need  for  the  following  developments  of  this  chapter, 
whose  main  subject  is  the  propulsive  screw.  The  working  of  a  blade  screw  at  a  fixed  point  will 
be  submitted  by  us  to  a  separate  detailed  and  complete  study. 

We  shall  begin  the  investigation  of  the  propeller  by  the  consideration  of  its  losses.  I 
divide  these  losses  into  three  kinds: 

I.  The  fan  losses  pv.  ..... 

II.  The  vortex  losses  pt. 

III.  The  resistance  losses  pr. 

The  total  losses  will  be  the  sum  of  the  foregoing  losses: 


(119) 


P  =  Pv+Vt+Vr 


THE  GENERAL  THEORY  OF  BLADE  SCREWS. 


201 


I  call  fan  losses  the  ratio  to  the  total  power  absorbed  by  the  screw  of  the  kinetic  energy  of 
the  translatory  motion  of  the  fluid  in  the  slip  stream  communicated  to  it  by  the  screw.  As 
has  already  been  mentioned,  the  fan  losses  which  correspond  to  the  blade  elements  situated  at 
a  distance  r  from  the  screw  axis  are  equal  to: 


(120) 


jA Mv"2  ^  v  _  az  ■  az  tg  (<p-i) 

Pv  12A#  pV  P1  —az  tg(<p-f-  /3)[1  4-  az(l  +az)tg(v  +  fi)tg(<p  —  i)] 


I  call  vortex  losses  the  ratio  to  the  total  power  absorbed  by  the  screw  of  the  kinetic  energy 
of  the  rotational  motion  of  the  fluid  in  the  slip  stream  communicated  to  it  by  the  screw.  The 
vortex  losses  which  correspond  to  the  blade  elements  situated  at  a  distance  r  from  the  screw 
axis  are  equal  to 


(121) 


iA/V3 


^A(7.2co  co 
~Q,AC 


az(  1  +  az) 
p  1  —  az 


tg2(<P  +  /3)- 


I  call  resistance  losses  the  ratio  to  the  total  power  absorbed  by  the  screw  of  the  power 
spent  in  the  displacement  of  the  blades  themselves  in  the  fluid.  We  shall  obtain  the  resistance 
losses  which  correspond  to  the  blade  elements  situated  at  a  distance  r  from  the  screw  axis  by 
taking  the  difference  between  the  total  losses  and  the  fan  and  vortex  losses. 

(122)  Pr  =  P~(Pv+Pt) 


pr=l-p-p 


az  az{  1  +az ) 


1  —az 


1  —  az 


-tg  H<p+P) 


(123) 


_  _  tg(<p  +  ft)  —  tgQp— i) 
Ir  P  (l-az)tg(<p-i) 


It  is  easy  to  see,  as  directly  follows  from  the  relations  (113),  (114)  and  (116),  that  all  the  quan¬ 
tities  characterizing  the  screw  working  can  be  expressed  as  functions  of  the  losses  only.  Let  us 
for  example  calculate  the  load  coefficient  q  as  a  function  of  the  losses.  From  relation  (113) 
we  get  directly: 


(124) 


and  substituting  this  last  value  of  az  in  the  relation  (98)  we  find: 


(125) 


This  last  relation  shows  us  that  a  propeller  of  high  efficiency  must  necessarily  have  a  small  load 
coefficient.  For  example,  for  p  =  0.8  and  p„^0.08  we  have  pv/p^ 0.1  and  q^ 0.2.  It  has  always 
been  experimentally  noted  that  high  efficiency  propellers  have  values  of  the  load  coefficient 
near  that  obtained  above. 

Let  us  now  examine  the  conditions  of  the  maximum  of  the  partial  efficiency  p  of  a  blade 
element  of  a  propeller.  The  maximum  of  the  efficiency  (see  relation  (94))  depends  upon  the 
course  of  the  empirical  functions  0  and  Jct.  But  if  we  note  that  in  the  propulsive  interval  of  the 
screw  we  have  p^x  as  long  as  /3^0,  that  is,  for  angles  of  attack  i>i'  0)  and  that  afterwards 
is  a  rapidly  increasing  function  for  i<i',  it  is  easy  to  see  that  the  maximum  of  p  takes  place 
for  values  of  j3  and  i  near  j3  =  0  and  i  =  i'.  We  will  call  optima  angle  of  attack  and  designate  by 


(■)  I  designate  by  i'  the  angle  of  attack  for  which  the  fluid  resistance  aR  is  normal  to  the  zero  plane.  See  Note  III  at  the  end  of  this  memoir. 
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iop^i',  the  angle  of  attack  for  which  the  partial  efficiency  p  is  a  maximum, 
ditions  we  can  consider,  as  a  first  approximation, 


(126) 


^  _  (1  ~ae)tg(<p-i') 

Pmax==X==tg<p[l  +00(1  +az)tg<pig(<p-i')] 


with 


_  aki>  cos  <p 
az  — 2  sin 2  ((p  —  ir) 


We  thus  see  that  as  a  first  approximation  we  have 


Under  such  con 


'P  1  Pmax  1  ^  S 

Theorem  IV. —  When  a  blade  element  of  a  propulsive  screw  is  working  under  conditions 
near  its  maximum ,  efficiency,  its  slip  is  nearly  equal  to  its  total  losses,  and  its  relative  pitch  is  nearly 
equal  to  its  efficiency. 

It  is  now  easy  to  understand  why  in  propeller  practice  only  screws  of  lowr  slip  show  high 
efficiency. 

Let  us  now  examine  how  pmax  varies  with  the  blade  angle  <p  and  the  angle  of  attack  iop.  We 
shall  see  in  the  following  that  high  values  of  pmax  are  onl}^  possible  for  low  values  of  the  optima 
angle  of  attack.  Under  such  conditions  the  function  az  will  have  a  low  value,  of  the  order  of  a 
small  number  of  hundredths;  that  is  why,  for  a  first  orientation  in  the  actual  question,  we  can 
neglect  az  in  the  expression  of  praax  and  thus  admit 


(127) 


Pinax  ~ 


fg  (  }  op) 

tg  <P 


7a* 
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Fig.  18. 


In  figure  17  have  been  represented  curves  of  the  partial  efficiency  pmax  as  function  of  the  effective 
blade  angle  <p  for  different  values  of  the  optima  angle  of  attack  iop.  It  is  easy  to  see  from  this 
diagram  that  the  smaller  the  values  of  iop  the  higher  are  the  maximums  of  pmax,  and  that  the 
maximums  of  pmax  occur  for  values  of  <p  near  45°.  In  figure  18  are  given  the  values  of  pmax.  max. 
as  function  of  iop,  and  there  are  also  represented  the  corresponding  values  of  <p.  An  examination 
of  diagram  17  brings  us  to  the  following  rule  which  must  be  used  for  the  choosing  of  the  profiles 
to  be  adopted  for  screw-blade  sections. 

For  the  sections  of  screw  blades  there  must  be  adopted  profiles  whose  optima  angles  of  attack 
are  as  small  as  possible. 
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This  rule  allows  us  to  see  directly  the  partial  efficiency  pma x.  max.  as  a  first  approximation 
that  can  be  expected  from  a  given  profile.  To  give  a  general  idea  of  the  values  which  the 
optima  angles  of  attack  can  have,  in  figure  19  is  represented  a  series  of  curves  as  functions  of  i, 
for  the  case  of  air  screws,  for  plano-convex  profiles  whose  ratios  c  of  the  thickness  e  to  the  breadth 
b  are  increasing. 

(128)  c~  b 

By  aid  of  figure  19  was  established  figure  20,  which  gives  for  the  profiles  considered  the  angles  iop 
as  functions  of  c.  In  the  same  figure  is  represented  the  curve  of  the  angles  y  of  the  zero  lines 
of  the  profiles  considered  with  the  corresponding  chords.1 

Fig.  19. 


On  account  of  the  fact  that  the  values  of  the  ratio  c  go  on  necessarily  decreasing  from  the 
boss  to  the  tip  of  the  blade,  the  optima  angles  of  attack  must  also  go  on  decreasing  from  boss  to 
blade  tip.  It  thus  follows,  according  to  diagram  17,  that  the  blade  elements,  ivhose  blade 
angl&s  <p  are  a  little  smaller  than  15°  or  larger  than  75°,  necessarily  have  small  partial 
efficiencies  pmax.  According  to  the  last,  and  on  account  of  the  relation  H  —  2x r  tg  <p  we  can  give 
ourselves  a  general  idea  of  the  limits  between  which  must  be  included  the  portion  of  the  blade 
which  gives  high  partial  efficiencies: 


(129) 


~  H 
m  ^  2 irr  tg  75° 

H 

'm  =  2xr  tg  15° 


=* *  0,  05  II 2 
S  0,  6  II 


1  These  diagrams  were  estaolished  using  the  data  furnished  by  G.  Eiflel  “Complements  de  la  Premiere  Edition  de  la  Resistance  de  FAir  et 
l’Aviation,”  p.  15.  As  these  data  have  been  obtained  at  low  velocity  they  are  not  of  sufficient  approximation  to  be  used  in  propeller  design.  As 
is  well  known,  the  drag  coefficients  Kx  decrease  for  large  flow  velocities  under  which  the  elements  of  propeller  blades  are  generally  working.  Tl'rre 
fore  diagram  20  must  give  exaggerated  values  for  the  optima  angles  of  attack. 

*  The  demands  of  practice  often  require  larger  sires  to  be  adopted  for  the  boss  than  are  given  by  this  relation. 
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These  last  relations  bring  us  to  the  conclusion  that  a  'propeller  of  high  efficiency  must  have  its 
diameter  of  the  same  order  of  magnitude  as  the  effective  pitch  of  its  tip  blade  section.  This  remark 
gives  a  solution  to  the  question  of  the  number  of  blades  to  be  adopted  for  a  screw.2  For  the 
preliminary  design  of  a  screw,  the  condition  (126)  fixes  the  effective  pitch  H  of  the  blade  section 
considered.  We  have 

V  n 
p~x~  NH~  H 

The  value  oj  the  effective  pitch  appears  thus  to  depend  upon  the  efficiency  expected ,  and  depends 
upon  the  power  absorbed  only  so  far  as  the  ratio  c  —  e/b  depends  upon  this  power.  It  is  the 
blade  area  A  and  the  screw  diameter  D  which  depends  upon  this  power.  If  the  diameter  is 
considered  fixed  by  the  relation 

D  =  2rmo*l,2H 

it  will  be  sufficient,  for  a  given  power,  to  adopt  as  many  blades  of  a  length  of  the  order  of  rm,  as 
will  be  necessary  to  absorb  the  whole  power.  The  limit  to  the  number  of  blades  is  given  by  the 
following  considerations: 


Let  us  cut  the  screw  blades  by  a  cylinder  coaxial  with  the  screw  axis,  and  let  us  develop 
in  the  plane  the  sections  obtained.  We  will  thus  get  the  general  picture  represented  in  figure 
21,  where  we  have  designated  by  h  the  distances  between  the  zero  lines  of  the  blade  sections 
considered.  By  analogy  to  what  we  know  about  fluid  resistance  of  systems  of  aerofoils,  the 
blade  interference  will  occur  only  from  the  moment  when  the  ratio 


(130) 


becomes  smaller  than  a  certain  limiting  value  to  be  fixed  by  experiment.  Actually  we  do  not 
possess  any  experimental  indications  of  the  limiting  values  for  v  in  the  case  of  screw  blades. 
For  a  first  orientation  in  the  question  let  us  adopt 

(131)  v>l 


which  will  bring  us  to  the  conclusion  that  for 

(132)  h>b 

*  Tn  his  air-screw  investigations  S.  Drzewiecki  (see  “Helices  Aeriennes,”  Paris,  1909),  also  reaches  the  conclusion  that  there  exists  a  limit  to  he 
adv  antageously  used  for  the  length  of  screw  blades,  and  that  the  number  of  blades  to  be  adopted  for  a  screw  depends  upon  this  limiting  length. 
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an  absence  of  screw-blade  interference  is  to  be  expected.  If  we  note  that 

(133) 


■t  2xr  , 
h  =  —  tg  <p 


n 


the  condition  of  absence  of  screw-blade  interference  will  take  the  form 

nl 

(134)  2^  =  a<sin<p 


which  means  that  under  the  assumptions  made  for  absence  of  screw-blade  interference  the  breadth 
ratio  must  be  smaller  than  the  sine  of  the  effective  blade  angle.  This  last  condition  can  also  be 
written  as  follows: 


(135)  nb  ^  2i rr  sin  <p 

We  will  designate  the  product  of  the  number  n  of  blades  by  their  breadth  b  at  a  certain  distance 
from  the  screw  axis  by  total  breadth. 

In  the  general  case,  without  assuming  the  value  of  the  coefficient  v ,  for  the  absence  of 
screw-blade  interference,  we  find  the  conditions  1 


(136) 


h>vb 


(137) 


vnb  _  . 

t—=ra<  sin^ 


(138) 


nb^ 


2i rr 
v 


tg  <P 


When  it  is  difficult  to  realize  the  condition  (135),  or,  more  generally,  the  condition  (138), 
attempts  will  be  made,  however,  to  approach  them  as  near  as  possible.  But  since,  on  the  one 
hand,  as  is  well  known,  the  maximum  breadth  bu  of  the  blades  must  be  smaller  than  a  certain 
fraction  of  the  screw  diameter,  and,  on  the  other  hand,  the  screw  blades  are  working  in  a  stream 
quite  well  limited,  in  all  probability  the  values  to  be  adopted  for  the  maximum  breadth  bu  can 
be  quite  large.  The  limiting  value  which  will  be  adopted  for  the  total  breadth  nbu  and  the 
maximum  breadth  bu  will  fix  the  limiting  number  of  blades. 

Since  for  a  screw  of  high  efficiency  there  exist  superior  limits  for  the  diameter  D,  the  number 
of  blades  n  and  their  maximum  breadth  &M,  the  thrust  power,  which  can  be  obtained  from  a 
propeller  under  given  conditions,  must  also  have  a  superior  limit.  If  one  tries  to  give  to  D,  n, 
and  bM  values  higher  than  the  limiting  values,  only  the  absorbed  power — that  is,  the  torque 
power — will  be  increased,  but  the  rapid  decrease  of  the  efficiency  will  lower  the  thrust  power 
developed  by  the  propeller. 

1  Somo  elementary  considerations  allow  us  to  establish  for  the  limiting  value  h0  of  ft,  for  absence  of  screw-blade  interference  the  formula 

which  gives  a  value  of »  equal  to 

=2  kx 

This  last  formula  gives  a  general  idea  of  the  value  of  the  coefficient  *. 

For  the  realization  of  screws  of  large  power,  one  can  go  beyond  the  limit 

rd  S  sin  f 

A.t  the  beginning  we  will  have  only  a  small  decrease  of  efficiency,  but  will  be  able  to  increase  the  power  used. 
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Making  a  summary  of  the  foregoing  discussion,  the  following  rules  can  be  formulated  for 
high  efficiency  propellers. 

I.  Each  blade  section  must  work  under  an  angle  of  attack  near  the  optima  angle.  For  blade 
sections  we  must  adopt  such  profiles  that  their  optima  angles  of  attack  are  as  small  as  possible. 

II.  The  screw  diameter  must  be  of  the  same  order  of  magnitude  as  the  effective  pitch  of  the  tip 
blade  section.1 

III.  The  total  blade  breadth  in  each  blade  section  must  not  exceed  a  value  fixed  by  the  limiting 
value  of  the  breadth  ratio  ( condition  (187)). 

IV.  The  maximum  blade  breadth  must  not  exceed  a  certain  fraction  of  the  diameter. 

V.  For  given  working  conditions  there  exists  a  limiting  value  of  the  thrust  power  which  a  pro¬ 
peller  can  develop. 


Some  investigators  have  made  the  following  experiments  for  the  determination  of  the 
blade  interference.  They  have  first  tested  two  identical  screws  separately,  and  afterwards 
have  tested  them  coupled  on  the  same  axis.  They  have  found  that  the  efficiency  of  both  screws 
working  together  was  different  from  the  efficiency  of  each  screw  working  separately.  Such  an 
experiment  does  not  prove  at  all  the  blade  interference.  As  a  matter  of  fact,  two  identical 
screws  coupled  on  the  same  axis  will  first  of  all  have  a  double  breadth  ratio  compared  to  a  single 
screw.  But  then,  as  directly  follows  from  relation  (93),  the  angles  of  attack  of  the  different 
blade  sections,  for  the  same  values  of  the  relative  pitch,  will  take  other  values,  the  breadth  ratio 
having  changed.  The  partial  efficiencies  will  thus  be  modified  and  the  total  efficiency  will  there¬ 
fore  also  be  modified.  Accordingly  the  modification  of  the  efficiency  of  two  coupled  screws 
is  first  of  all  a  consequence  of  the  breadth  ratio  variation,  as  long  as  the  conditions  (135)  or 
(138)  remain  satisfied.  When  we  speak  of  blade  interference,  we  shall  always  understand  by 
this  a  modification  of  the  values  of  the  empirical  functions  fc,  and  /3  produced  by  the  neighbor¬ 
ing  blades.  It  is  only  in  the  light  of  this  remark  that  blade  interference  can  be  studied. 

When  two  screws  are  coupled,  the  following  circumstance  can  also  take  place.  Let  us  con¬ 
sider  on  one  hand  a  screw  with  2 n  blades,  and  on  the  other  hand  two  screws  with  n  blades  each, 
both  coupled  on  the  same  axis.  From  the  screw  with  2 n  blades  we  can  pass  to  the  system  of 


i  It  is  only  for  the  blade  sections  lor  which  the  blade  angles  <e  are  near  45°  that  the  partial  efficiency  will  have  the  greatest  values  compatible 
with  the  corresponding  optima  angles  of  attack.  But  as  H<=2tt  tg  <?,  for  *>3?  45°  we  have 


hh 
r  6 


For  a  screw  of  high  efficiency  the  effective  pitch  is  of  the  same  order  of  magnitude  as  the  diameter.  We  thus  see  that  it  is  the  blade  sections 
near  the  boss  which  will  realize  their  maximum  partial  efficiency  corresponding  to  the  optima  angles.  But  as  p  starts  to  vary  slowly  with*?, the 
partial  efficiencies  will  generally  first  start  increasing  from  boss  to  tip  blade,  and  only  afterwards,  approaching  the  tip,  will  decrease.  All  the  fore¬ 
going  results  from  the  fact  that  i  and  *?  decrease  from  boss  to  blade  tip. 
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two  screws  with  n  blades  displacing,  for  example,  the  odd  blades  of  the  2 n  blade  screw  along 
the  screw  axis.  We  will  thus  be  brought  to  the  picture  of  the  figure  22,  where  I,  II,  III,  IV, 
V  represent  the  developed  sections  of  a  2 n  blade-screw  and  I,  II',  III,  IV',  V  represent  the 
developed  sections  of  two  coupled  n  blade-screws.  It  is  easy  to  see  that  in  the  first  case  the 
sections  are  disposed  at  the  same  distance  h,  and  that  in  the  second  case  the  distances  between 
the  sections  are  on  one  hand  increased  up  to  h"  and  on  the  other  decreased  up  to  h' .  If  we 
wish  to  maintain  the  distances  between  the  blade  sections  considered  in  the  case  of  two  coupled 
screws,  we  must  make  the  blades  of  the  two  screws  approach  in  the  sense  inverse  to  their  rota¬ 
tion  according  to  the  scheme  I,  II",  III,  IV",  V.  In  figure  23a  are  represented  two  screws 
coupled  according  to  the  scheme  I,  II',  III,  IV',  V  and  in  figure  23b  according  to  the  scheme  I, 
II",  III,  IV",  V.  This  last  remark  explains  the  experiment  with  two  coupled  screws  for  a  sym¬ 
metrical  and  asymmetrical  position  of  the  last,  made  by  G.  Eiffel,1  which  showed  a  small  increase 
of  efficiency  when  the  two  screws  were  brought  nearer  one  another  in  the  inverse  sense  of  their 
rotation.  From  the  same  experiment  it  follows  that  the  interference  of  the  screw  blades  is  not 
large,  because  the  results  obtained  for  different  dispositions  of  the  screws  do  not  show  great 
differences.  But  the  sum  of  the  powers  developed  by  each  screw  separately  differs  sensibly 
from  the  power  developed  by  the  two  screws  when  coupled,  which  show  the  very  sensible 
influence  of  the  breadth  ratio  variation.  When  it  is  required  to  maintain  for  two  coupled 
screws  the  equality  of  distances  between  the  sections  of  different  blades,  it  will  be  necessary  to 
give  to  the  blades  of  both  screws  or  to  the  blades  of  one  screw  a  special  form  not  difficult  to  find. 

All  the  foregoing  relates  to  the  study  of  the  screw-blade  elements,  considered  separately. 
We  will  now  pass  to  the  study  of  the  screw-blade  elements,  considered  together  as  a  system. 
1  shall  begin  by  two  general  remarks. 


Remark  I. — Let  us  consider  each  blade  of  a  screw  divided  into  n  elements.  Let  us  des¬ 
ignate,  respectively,  by  A Qv  A Q2 - A Qn;  ACV  AC2 . A Cn;  plt  p2 -  Pn  the  partial 

thrusts,  the  partial  torques,  and  the  partial  efficiencies  of  the  blade  elements  equidistant  from 
the  screw  axis.  We  have: 

FA Qt  VAQ2  _  VAQn 

p>~  qac1  ~  ’•  P2~  uao2 . pD  nAC„ * 

Let  us  designate  by  y  the  total  efficiency  of  the  blade  screw.  We  have: 

FA  Qt  +  VAQ2  + . +  VAQn 

v  SIA Cx  +  ftA<73  + . +  SlACn  ' 


1  See  G.  Eiffel.  “Nouvelles  recherches  sur  la  resistance  de  l’air  et  1’aviation  faites  au  laboratoire  d’Auteuil,”  Paris,  1914,  p.  345. 
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Let  us  now  examine  the  correlation  existing  between  the  total  efficiency  17  and  the  partial 

efficiencies  pv  p2 . pn.  For  that  purpose  we  shall  use  the  following  geometrical  method. 

Let  us  consider  the  vectors 

uvu2 . un 

whose  projections  on  the  axis  of  abscissae  are  equal,  respectively,  to 

VAC,,  VAC2 . VACn 

and  on  the  axis  of  ordinates  are  equal  to 

VA Q„  VAQ3 .  VAQn 

Let  us  build,  starting  from  the  origin,  the  geometrical  sum  TJ  of  the  vectors  Z7„  U2. . Un 

(see  fig.  24) 

U1+U2+ . +  Z7„ 


'1'he  tangent  of  the  angle  of  inclination  of  each  vector  Uv  U2 
j  ust  equal  to  the  corresponding  partial  efficiency 


tg  (#1,  -Y)=Pl  = 


VAQU 
VAC,  ’ 


tg  (Ua,  X)  =  P2  = 


VAQ2 
V  A  C2 


Un  to  the  axis  of  abscissae  is 


tg  (Un,  X)=Pn  = 


VA Qu 

VA  Cn 


while  the  tangent  of  the  angle  of  inclination  of  the  vector  U  is  equal  to  the  total  efficiency 


tg  ( U,  X)  =  17 


VQ  V  (AQ,+AQ2  + . A Qn) 

VC  V  (AC,+  AC2+ - A Cn) 


Q  being  the  total  thrust  produced  by  the  blade  screw,  C  the  total  torque  applied  to  its  axis. 

The  sides  of  the  polygon  Uv  TJa - Vn,  U  are  necessarily  making  with  the  axis  of  abscissae 

angles  smaller  than  45°.  Considering  thus  the  vector  U  as  the  geometrical  sum  of  the  vectors 

TJ„  U2 _  JJn,  we  see  directly  how  the  total  efficiency  is  built  up  of  the  partial  efficiencies. 

We  can  now  see  that  the  total  efficiency  77  not  only  depends  upon  the  values  pv  p,  Pn  of 

the  partial  efficiencies,  but  depends  also  upon  the  partial  powers  VA Q„  VAQ., _  VAQn ; 

VA Cv  VA C2 _ VACn  because  the  total  efficiency  depends  also  upon  the  length  of  the  vectors 

XJV  V., . Un  equal  to 


17,  ■=  V  .  77„=VFa^+S2a0»> 

In  figure  25a  is  represented  the  case  of  a  blade  screw  whose  partial  efficiencies  decrease  toward 
the  blade  tip;  in  figure  25b  the  case  of  partial  efficiencies  increasing  toward  the  blade  tip;  and 
in  figure  25c  the  case  where  the  partial  efficiencies  first  decrease  and  afterwards  increase  from 
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boss  to  blade  tip.  In  all  the  cases  the  total  efficiency  is  increased  when  to  the  blade  elements 
with  higher  partial  efficiencies  correspond  larger  partial  powers.  It  follows  from  the  foregoing 
that  it  is  advantageous  to  give  the  greatest  breadth  to  those  parts  of  the  blades  where  the 
partial  efficiencies  are  highest. 


Remark  n. — Let  us  examine  briefly  the  question  of  the  effective  pitch  of  the  whole  blade 
screw.  When  for  a  blade  section  the  relative  pitch  becomes  equal  to  unity,  we  have 


and  the  knowledge  of  the  advance  which  corresponds  to  x=l  gives  the  value  of  the  effective 
pitch  of  the  blade  section  considered.  As  we  have  seen,  the  value  x—  1  is  disposed  in  the  inter¬ 
mediate  brake  state  which  separates  the  propulsive  state  of  screw  work  from  the  turbo-motor 
working  state  (see  fig.  A).  Practically,  this  interval  is  very  short;  that  is  why  as  a  first  approxi¬ 
mation  we  can  consider  x  =  l  either  when  in  the  propulsive  state  the  partial  thrust  becomes 
equal  to  zero  or  when  in  the  turbo-motor  state  the  partial  torque  becomes  equal  to  zero.  By 
analogy  with  the  conditions  of  work  of  a  blade  element,  the  value  of  the  advance  nt  —  VJNX 
which  corresponds  for  the  whole  screw  either  to  Q  =  0  or  (7=0,  defines  the  effective  pitch  Hu 
of  the  whole  screw 


167080— S.  Doc.  807,  65-3 - 14 
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We  will  designate  by  xh  the  value  of  the  relative  pitch  which  corresponds  to  the  effective  pitch 
of  the  whole  blade  screw. 

V 

Xh~NH> 

Let  us  now  pass  to  the  calculation  of  the  thrust-power  Lu  developed  by  the  propeller  and 
the  torque-power  La  absorbed  by  the  propeller.  We  have 

(139)  =  =  = 


(140) 


0=  2A(7=  Z^gSAtf  V2  =  2%S’ ; 


Going  from  finite  differences  to  differentials  we  get: 

(141 )  Q  =  2?r5  V2  Jqrdr  =  r8  V2f  qd(r>)  «  V 2 1, 


(142)  <7-*^  l  -rdr=—~  ('%<)  - 

u  J  P  il  J  P  12 

where  we  have  introduced  the  notations 


(143) 


We  accordingly  have 

(144)  L*  =  QV=irSV'Jqd(t*)  =  rdV’l, 


(145) 

(146) 


La  =  (712  =  7r5  Vs 


—  7r5  V*l2 


fqd(r2) 


The  calculation  of  the  thrust-power  Lu,  the  torque-power  La,  and  the  total  efficiency  y 
is  thus  reduced  to  the  quadrature  of  the  two  areas  and  7;  limited  by  the  curves  of  q  and  q/p 
plotted  against  r2.  The  investigation  of  the  conditions  of  maximum  of  the  total  efficiency  is 
reduced  to  the  determination  of  the  maxima  of  the  ratio  IJI2. 

It  must  be  noted  that  the  integrals  Ix  and  7,  are  independent  of  fluid  density.  As  a  con¬ 
sequence,  for  different  fluids  the  values  of  these  integrals  will  depend  upon  the  physical  nature 
of  the  fluid  only  in  the  measure  that  the  empirical  coefficient  k  and  the  empirical  function  j3 
depend  upon  fluid  viscosity. 

It  is  also  easy  to  see  that,  for  a  given  blade-screw  whose  working  conditions  are  varying, 
the  integrals  lx  and  I2  are  functions  of  the  advance  n  only.  In  fact,  for  each  blade  element 
q  and  p  are  functions  only  of  the  corresponding  angles  of  attack,  the  last  being  functions  only 
of  the  relative  pitch  x=V/NH;  in  other  words,  functions  only  of  the  advance  n=  V/N,  the 
effective  pitches  H  of  the  different  blade  sections  of  a  given  screw  having  evidently  invariable 
values.  From  the  foregoing  follows:  * 
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1.  The  total  efficiency  77  of  a  given  screw  is  a  function  only  of  the  advance  n. 


(147) 


2.  The  ratios 


(148) 


n..w 

V~IM 


are  also  functions  only  of  the  advance. 

Let  us  compare  the  work  of  a  propeller  when  advancing  to  its  work  at  a  fixed  point.  Start¬ 
ing  from  the  relation  (116)  we  get 

(149)  Q  =  4tt50 2J g'r3dr=  tt8Q2  f  q'd(r*)  =  tt5 


and  on  account  of  the  relation  (99)  we  have 

(150)  La=  GQ  =  J 2' tg (#>  +  /3)d(r5)  =  787r5ft3  f  dffi)  =  ttSQ3/ 

,7  Pv 

using  the  notations 

(151)  JY<2(r‘)  4/sJV  tg  a+fj)d(r*)-I'M 

these  last  two  integrals  being  functions  only  of  the  advance  n,  as  is  easy  to  see.  The  integrals 
T j  and  7'j  are  connected  with  the  integrals  7X  and  I2  by  the  following  relations: 


(152) 


8tt3 


For  the  work  of  the  screw  at  a  fixed  point  the  relations  (149)  and  (150)  go  over  into 

(153)  Q0  =  rflVjV  d(r<)  -  rfSV  0, 

(154)  L„  =  4/srfn0Jf2'„tg(»>  +  /30)(l(rs).‘/Irffi<1> 

J  Po 

with  the  notations 


(155)  fq'0d(r4)  =  Ct;  4/s fq'0tg(<p  +p0)d(r6)  =  02, 

% 

these  last  two  integrals  being,  for  a  given  screw,  constant  quantities  independent  of  the  angular 
velocity  ft0.  In  fact,  q'0  and  q'0tg  (<P+P0)  are  functions  only  of  the  angle  of  attack  i0,  and 
the  last  is  independent  of  00.  The  constants  C\  and  C2  are  the  limits,  independent  of  the 
angular  velocity  Q0,  toward  which  tend  I\  and  I'2  when  V  tends  toward  zero.  The  two 
constants  Cx  and  C2  thus  appear  as  two  fundamental  characteristics  of  the  dimensions  of  the 
blades  of  the  propeller  considered  only.  We  thus  see  that  the  thrust  Q0  and  the  power  L0  are 
respectively  proportional  to  the  square  and  the  cube  of  the  number  of  turns  of  the  propeller. 
The  differences  from  these  square  and  cube  laws  experimentally  observed  are  due,  as  has  already 
been  mentioned  in  the  introduction,  on  the  one  hand  to  the  deformation  of  the  blades,  and  on 
the  other  hand  to  the  approximation  of  the  velocity-square  law  for  fluid  resistance.1  The 
calculation  of  the  thrust  Q0  and  the  power  L0  of  a  screw  at  a  fixed  point  is  thus  reduced  to  the 

1  See,  for  example,  the  experimental  research  of  Ch.  Maurain  and  A.  Toussaint,  Bulletin  de  l’Institut  Aerotechnique  de  l’Universite  de  Paris 

Fascicule  III,  1913,  where  for  all  the  screws  tested  the  differences  from  the  square  and  cube  laws  have  been  calculated.  These  differences 

are  generally  small. 
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quadrature  of  the  two  areas  Ct  and  C2,  respectively  limited  by  the  curves  of  q'0  and  q'0  tg  (<p  +  /30) 
plotted  against  r4  and  r5.  Dividing  (149)  by  (153)  and  (150)  by  (154),  we  get 

ncfiN  Q  I'M.  La_  Q2  I'2(n) 

(  }  Qo  V  Ot  ’  L~W  C2 

For  =  these  last  two  ratios  are  functions  only  of  the  advance  p.2  The  expressions  (149) 
and  (150)  show  us  that  the  thrust  Q  and  the  power  La  of  a  propeller  can  be  written  in  the  form. 

(157)  _  Q  =  5N2It"  GO;  La  =  bN%n(ix) 

adopting  the  notations 

(158)  47t371/  =  7/  =  tp271;  8Wa' -  7/ -  xi«»Jr 

If  we  develop  Ix"  and  I2"  in  powers  of  p,  and  take  the  first  terms  of  the  series  obtained,  we  shall 
find  the  different  approximate  expressions  which  have  been  proposed  by  different  authors  for 
the  representation  of  Q  and  La. 

Let  us  now  examine  the  different  conditions  which  can  be  met  in  the  quadrature  of  the 
integrals  7,  and  72.  We  will  consider  that  for  the  angles  of  attack  values  near  the  correspond¬ 
ing  optima  values  are  taken,  so  that  we  can  admit  the  angle  /3^0.  Substituting  in  the  relation 
(93)  the  values  of  az  and  77,  respectively,  equal  to 


aJci  cos  ip ;  . 

2  sin2  ( <p  —  i )  ’ 


77  =  2 irr  tg  <p 


and  on  account  of  /3^0  and  following  pQ^x  we  find: 


nb  Tci  cos  <p 

n  rqx  ,  =  X  = _ 2irr  2sin2(<p  —  i) _ 

p  ^  rO  1  nb  Id  cos  <p  nb  Tci  cos  <p  "1 

t g(<p  —  i)  2-irr 2 sin2(«p  —  i){_  ^2?rr  2sin2(<p  — i)J^  ^ 

These  last  equations  constitute  two  relations  between  the  seven  quantities: 

V,  Q,  r 

P,  6,  <p,  i. 

For  each  blade  section  working  under  given  conditions,  the  quantities  of  the  first  group  are 
known  quantities.  The  equations  (159)  thus  connect  with  one  another  the  four  quantities  of 
the  second  group.  We  thus  see  that  from  the  four  quantities  p,  b,  ip,  i,  two  of  them  can  be 
arbitrarily  chosen,  or,  more  generally,  for  a  given  advance  p  =  V/N,  we  can  submit  the  four 
quantities  p,  b,  <p,  i  to  two  supplementary  conditions,  adopting,  however,  for  the  angles  of  attack 
values  near  the  optima  values  while  we  admit  /3s=;0. 

The  simplest  case  for  the  quadrature  of  the  integrals  7,  and  7Z  is  the  one  which  corre¬ 
sponds  to 

(160)  q  =  const;  p  =  const. 

*  Ch.  Maurain  and  A.  Toussaint,  in  their  research  just  mentioned,  for  the  representation  of  the  resuits  of  their  experiments,  use  the  ratio  Q/Q0 
and  LalLo  for  Q—Q0  as  functions  of  the  parameter  V/ND,  which  is  proportional  to  the  advance  M-  V/N,  while  Q.  Eiffel  in  his  experimental  research 
on  air  screws  uses  for  their  representation  the  ratios  Ql  V*D*  and  Lai  V>D>  as  functions  of  the  same  parameter  VjND  (compare  with  the  relation  (148)) 
These  investigators  came  to  these  conclusions  by  way  of  considerations  of  similitude. 
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because  under  such  conditions  we  have  directly 


(161) 


7  _  vP* 

2~  4  p 


(162)  v  =  P 

expressions  in  which  D  is  the  blade-screw  diameter.  The  condition  const  brings  with  it 
az  =  const,  and  thus  the  condition  (92)  shows  us  that  we  have 


v  =  const. 

The  screws  with  constant  load  coefficients  along  the  whole  blade  produce  thus  a  slip  stream 
with  a  uniform  velocity  in  its  cross  section.  That  is  why  we  will  call  such  blade-screws  screws 
with  uniform  slip  stream }  The  condition  p  =  const  obliges  us  to  adopt  for  the  partial  efficiency 
such  a  value  as  can  be  realized  for  all  the  blade  sections;  the  blade  section  with  the  lowest 
efficiency  will  thus  fix  the  superior  limit  for  the  total  efficiency.  The  screws  with  uniform  slip 
stream  will  thus  always  have  a  reduced  efficiency.  The  relations  (160)  have  to  be  used  for 
the  calculation  of  the  breadths  b  and  the  angles  of  attack  i  of  all  the  blade  sections  of  a  screw 
with  uniform  slip  stream. 

Let  us  now  liberate  ourselves  from  the  condition  p  =  const  and  see  how  the  total  efficiency 
can  be  increased.  It  is  easy  to  see  that  we  have  first  of  all  to  adopt  for  each  blade  section  the 
optima  angle  of  attack.  If  we  now  would  like  to  maintain  the  slip  stream  uniformity,  that  is, 
2  =  const,  the  values  of  b,  <p,  and  p  will  thus  be  fully  fixed.  But  the  screws  of  highest  efficiency 
will  be  obtained  when  the  breadth  b  is  determined,  not  by  the  condition  ^  =  const,  but  directly 
by  the  condition  of  maximum  of  the  total  efficiency  17.  For  the  propellers  of  highest  efficiency 
we  have  thus  to  seek  for  the  law  of  variation  of  the  breadth  b  along  the  blade  which  makes  a 
maximum  the  integral  ratio  =  The  problem  of  the  research  of  the  most  advantageous 
shape  to  be  adopted  for  screw  blades  appears  thus  as  a  fully  determined  problem.  Remark  I 
of  this  chapter  gives  a  first  orientation  in  the  last  question.  After  these  general  considerations 
we  will  now  pass  to  the  detailed  study  of  the  question  of  design  of  propellers  which  have  to 
work  under  given  conditions. 


THE  PROBLEM  OF  PROPELLER  DESIGN. 

The  design  of  a  propeller  which  has  to  develop  a  given  power  and  is  destined  to  work  with 
a  given  advance  p  constitutes,  as  it  were,  a  double  problem.  For  the  evaluation  of  the  work 
of  a  blade  screw  we  must  know  the  exact  dimensions  of  the  blades.  But  the  dimensions  of  the 
screw  blades  are  fixed  by  the  strength  of  the  blades,  which  have  to  be  able  to  resist  the  forces 
to  which  they  are  submitted.  In  the  general  case  those  forces  can  be  exactly  evaluated  only 
when  the  dimensions  of  the  blades  are  known.  We  are  thus  obliged,  for  the  calculation  of  a 
screw,  to  adopt  a  priori  its  approximate  dimensions,  and  by  a  series  of  calculations  of  the  screw 
work  and  verification  of  its  strength,  to  satisfy,  by  successive  approximations,  all  the  conditions 
of  necessary  strength  and  power  demanded. 

We  shall  in  the  following  indicate  a  general  method  which  will  not  only  allow  one  to  decide 
a  priori  upon  the  principal  dimensions  of  a  blade  screw  having  to  work  under  given  conditions, 

1  It  is  evident  that  we  have  here  only  to  do  with  uniformity  of  the  slip  velocity  v.  The  race  velocity  has  for  its  expression 

Tcc~azf.+az)vtg  (<p+/9) 

1  —az 

and  for  const,  which  brings  with  it  <12=  const,  will  be  constant  only  if  tg  0+/3)=  const.  In  the  case  of  propellers  the  quantity  tg  (<p+P)  is 
always  variable  along  the  blade.  But  we  shall  see  in  the  following  that  fans  and  helicopter  screws  can  be  built  with  const.  in  such  a  case  we 
will  have  tg  (#>+0)*«const,  owing  to  /9s?  0  and  r«  will  be  constant  when  e  =  const. 
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but  which  will  resolve,  by  simple  reading  on  a  diagram,  the  general  problem  of  the  screw  selec¬ 
tion.  Let  us  thus  consider  to  be  known,  as  a  first  approximation,  the  blade  dimensions  of  a 
screw  which  has  to  work  with  a  given  advance  n  =  V/N,  and  for  which  we  have  to  calculate  the 
efficiency  and  the  power  it  has  to  develop.  For  such  a  calculation,  the  quantities  Tc{  and  j8,  or 
Kx  and  Ky  have  to  be  known  for  all  the  blade  sections  of  the  screw  considered,  and  also  the 
angles  7  of  inclination  of  the  zero  lines  to  the  chords  of  the  different  sections.  These  empirical 
quantities  have  to  be  determined  from  experiment  performed  at  velocities  of  the  same  order  of 
magnitude  as  the  one  under  which  are  working  the  screw  blade  sections  in  their  motion  relative 
to  the  fluid,  and  in  the  same  fluid  as  the  one  in  which  the  screw  considered  will  have  to  work. 
Actually  we  possess  only  very  few  data  on  the  above-mentioned  empirical  functions  at  flow 
speeds  occurring  in  blade-screw  working.  Especially  for  water  we  possess  scarcely  any  data  at 
all,  the  reason  being  that  fluid  resistance  measurements  in  water  are  very  troublesome.  By 
analogy  with  experiments  in  air  we  can  expect  to  get  no  more  than  a  general  idea  of  the  order 
of  magnitude  of  the  quantities  k{,  /3  and  7. 

The  experiments  undertaken  up  to  this  time  allow  one  to  draw  the  conclusion  that  the  lift 
coefficients  Ky  do  not  vary  much  with  the  velocity,  but  that  the  drag  coefficients  Kx  sensibly 
diminish,  which  is  an  advantage  for  the  blade-screw  efficiency.  The  absence  of  sufficiently 
accurate  data  for  the  empirical  functions  7ci}  (3  and  7  is  actually  the  only  difficulty  in  the  exact 
calculation  of  blade  screws.  In  the  question  of  propeller  design  we  find  ourselves  actually  in 
nearly  the  same  condition  as  at  the  time  when  for  the  problems  of  strength  of  materials  we  did 
not  possess  sufficient  data  on  the  coefficients  of  resistance  and  the  elasticity  modulus.  The 
author  hopes  that  this  lacuna  will  soon  be  helped  by  the  use  of  a  new  method — which  will  be 
indicated  in  the  following —  based  on  the  properties  of  the  screw  itself,  which  allows  the  meas¬ 
urement  of  the  quantities  Jci}  &  and  7  in  any  kind  of  fluid,  and  in  the  exact  working  conditions 
of  the  screw.  We  will  thus  admit  that  the  empirical  functions  k{,  0  and  7  have  been  evaluated 
by  one  or  another  method  and  consequently  are  known  for  all  the  blade  sections  of  the  screw 
considered. 

Let  us  designate  by  S{i)  the  system  of  the  effective  angles  of  attack  under  which  are  working 
the  different  sections  of  the  blades  of  the  screw  considered.  For  a  screw  already  built  the  system 
S(i)  has  to  be  determined.  For  a  new  screw,  to  be  built,  the  system  S(i)  has  to  be  chosen, 
and  from  its  knowledge  the  effective  pitches,  or  in  other  wrords  the  effective  blade  angles  <p  of  the 
different  blade  sections  have  to  be  determined  in  such  a  way  that  the  system  of  angles  of  attack 
S(i)  actually  establishes  itself  when  the  advance  reaches  the  given  value.  The  angles  of  attack 
of  the  system  S (i)  are  always  decreasing  from  boss  to  blade  tip.  The  system  of  angles  of  attack 
S  ( i )  to  be  adopted  depends  upon  the  properties  which  we  wash  our  screw  to  possess.  If  we  wish 
to  build  a  screwT  of  high  efficiency  only,  it  is  the  system  S(iop)  of  the  optima  angles  of  attack 
which  has  to  be  adopted.  But  certain  necessities  of  practice  of  blade-screwT  applications  can 
demand  some  departure  from  the  system  S(iop).  In  the  following  we  shall  come  back  in  full 
detail  to  this  important  question. 

The  values  of  the  effective  blade  angle  <p  and  the  effective  angle  of  attack  i,  which  for  a  given 
blade  section  correspond  to  one  another  are  given  by  the  relation  (159)  which  may  be  written 

V  (l-ag)tg(<p-i) 

rO  1  +  az  (1  -f  az)  tg  <ptg  (<p  —  i) 

hi  cos  <p 

dZ  ■=  CL  *  — ~'a  - 

2  sm2  {tp  —  ^) 


(163) 

with 

(164) 
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in  which  we  admit  /3=*0,  that  is,  the  system  S(i)  to  be  close  to  the  system  S(iop).  The  calcula¬ 
tion  of  either  <p  or  i  from  this  last  relation  (163)  is  almost  impossible  by  aid  of  actual  algebraical 
methods;  and  yet  the  solution  of  this  equation  is  necessary  for  the  exact  determination  of  these 
angles.  That  is  why  I  have  been  led  to  seek  for  a  nomographical  solution,  which,  happily,  can 
be  given.  I  have  made  use  of  the  method  of  parallel-tangential  coordinates  of  M.  d’Ocagne. 

Let  us  first  note,  that  for  a  propeller  of  good  efficiency  the  quantity  az  is  of  the  order  of 
a  small  number  of  hundredths  only.  This  is  on  account  of  the  fact  that  the  angles  of  attack  i  to 
be  adopted  are  always  small  and  that  the  coefficient  ki}  of  the  same  order  of  magnitude  for 
air  and  for  water,  has  also  the  value  of  some  hundredths  only.  Although  we  adopt  the  formula 
(164)  for  az,  it  does  not  follow  that  the  linear  law  for  the  coefficient  must  necessarily  be 
adopted;  in  each  case  we  can  consider  the  value  of  k  taken  from  the  relation  1c  =  1c{/i.  But  it 
must  be  noted  that,  for  a  given  blade  section  profile  and  for  the  interval  of  the  small  values 
of  the  angles  of  attack  which  have  to  be  used,  the  coefficient  k  is  constant  to  a  good  approxima¬ 
tion.  After  ascertaining  that  az  is  a  small  quantity,  let  us  develop  the  relation  (163)  in  series 
according  to  the  increasing  powers  of  az  and  neglect  the  terms  of  superior  order.  The  error 
thus  committed  is  out  of  consideration  for  the  demands  of  practice  of  screw  design.  We  thus 
find : 


V  1 
rO  tg  ( <p  —  i ) 


+  az[  1  -1-  tgcptg  (<p-i)]~  1  =  0 


and  substituting  for  az  its  value  (164)  we  get 

<165>  r^tg(i^ij+oiy®^i)[1+ 

and  finally 


(166) 

using  the  notations 


M+ak  N— 1  =  0  1 


M= 


tg 


067) 


l  cos  % 


sin  ( (p  —  i )  sin  — 


On  the  other  hand  let  us  consider  the  equation 

(168)  u  ,  L-x  ,  v  L+x 

It  '  1  ^Ly+l2  '^2Ly  1-0 

which  we  refer  to  the  system  of  the  X  and  Y  axes  represented  in  figure  26.  When  in  this  equa¬ 
tion  (168)  we  consider  u  and  v  as  parallel-tangential  coordinates,  it  will  represent  the  point 
{x,  y)  defined  by  the  sheaf  of  straight  lines  (u,  v) ;  when  we  consider  x  and  y  as  point  coordinates, 
it  will  represent  the  straight  lines  (u,  v )  which  the  point  (x,  y )  describes.  2 L  is  the  distance 
between  the  parallel  axes  of  the  u  and  v,  counted  along  the  abscissae  axis;  and  l2  two  arbi¬ 
trary  numbers  introduced  for  the  convenience  of  the  scale  choosing.  The  angle  between  the 

i  If  the  angle  0  were  not  neglected,  we  would  have  found 

V  1  i  cos  «+/3) 

r  a  tg  (<p—iyak  sin  sin 

But  as  the  variations  of  the  cosines  of  small  angles  are  small,  the  error  committed  neglecting  the  small  values  of  &  is  very  small. 
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ordinates  and  abscissae  axes  is  arbitrary.  Let  us  establish  a  univocal  and  reciprocal  corre¬ 
spondence  between  the  terms  of  the  equations  (166)  and  (168)  as  follows: 


which  corresponds  to 


(169) 


v=l2-  ale 


(170) 


_  rNlt-  Ml2  IJL 

x  m,  +  ml,'  y- m,+  in. 


The  equations  (169)  represent  in  parallel-tangential  coordinates  a  system  of  straight  lines; 
and  the  equations  (170)  repiesent  in  point  coordinates  two  families  of  curves,  with  ip  and  i  as 
parameteis.  Each  straight  line  (169)  which  goes  through  the  intersection  of  two  of  the 
curves  (170),  or  all  the  curves  (170)  which  intersect  one  another  on  one  of  the  straight  lines 
(167),  defines  a  system  of  values  of  VfrQ,  ale,  <p,  i  which  satisfies  the  equation  (166).  For  the 
tracing  of  the  nomogram  which  gives  the  solution  of  the  equation  (166)  and  which  I  call  the 
incidence  nomogram  I  have  adopted  the  values 


tg(s,y)  =  0.75;  4  =  1;  4  =  12.5 

The  incidence  nomogram  is  joined  to  this  memoir.1  Its  use  is  very  simple;  it  is  enough  to 
join  by  a  straight  line  two  given  values  of  VjrQ  and  ak,  in  order  to  read  on  the  curves  which 
cut  one  another  on  this  line  the  values  of  <p  and  i  which  correspond  to  each  other.2  Thus  for 
VjrQ,=  1  and  a&  =  0.01;  fori  =  5°  we  find  <p  =  5 2°;  for  <p  =  5 5°  we  find  i  =  7°,  and  so  on.  The  inci¬ 
dence  nomogram  gives  thus  the  direct  and  complete  solution  of  the  finding  of  the  effective  blade- 
angle  <p  of  a  blade  section  when  its  effective  angle  of  attack  i  is  given,  and  of  the  finding  of  the 
effective  angle  of  attack  i  under  which  a  blade  section  is  working  when  its  effective  blade 
angle  ip  is  known. 

'  For  all  the  details  concerning  this  type  of  nomogram  see  “Traitd  de  nomographie by  M.  Maurice  d’Ocagne,  §§  57  and  58,  p.  125,  and  also 
5  121,  p.  320. 

*  For  its  use  it  is  good  to  cover  the  nomogram  with  a  piece  of  tracing  paper. 
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After  we  have  found  for  all  the  blade  sections  of  the  screw  considered  the  values  of  and  i 
which  correspond  to  one  another,  it  will  be  easy  to  calculate  the  values  of  the  function 


rib  let  cos  <p 
2irr  2  sin2  (<p—i) 


for  all  the  blade  sections  considered,  while  all  the  other  quantities  which  figure  in  the  expres¬ 
sion  of  az  are  known  for  eacn  section  of  a  given  screw  blade.  Knowing  az  we  will  calculate 
the  values  of  the  load  coefficients 


for  all  the  sections  considered.  We  shall  thus  be  able  to  plot  point  by  point  the  curve  of  q 
against  r3  (see  Fig.  27).  The  quadrature  of  the  area  limited  by  this  curve  will  give  the  value 
of  7j.  For  the  calculation  of  72  we  shall  have  to  determine  the  partial  efficiency  p  of  each 
section  of  the  given  blade,  by  aid  of  the  formula 

^  P  tg  (v?  +  P)  2 rrN  tg  (cp  +  P) 

in  which  it  is  necessary  to  take  account  of  the  values  of  the  angle  /3,  which  has  a  sensible  influ¬ 
ence  on  the  partial  efficiency,  especially  when  this  angle  is  negative.  The  partial  efficiencies 
p  once  calculated,  the  curve  of  q/p  as  a  function  of  r2  will  be  traced  point  by  point,  and  its  area 
will  just  be  equal  to  72.  Knowing  7t  and  72  the  values  of  the  thrust  power  Lu  and  the  torque 
power  La  will  be  directly  found  for  the  blade  screw  considered.  We  have 

Lu  =  7 r8  F37j  ;  La  —  rb  F372 


And  the  value  of  the  total  efficiency  rj  is  equal  to 


The  total  thrust  Q  produced  by  the  blade  screw  and  the  total  torque  C  applied  to  its  axis  are 
equal  to 


La 

U 
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For  the  purpose  of  rendering  easier  the  calculation  of  az  and  g,  I  have  made  a  second  nomo¬ 
gram,  also  joined  to  this  memoir,  which  I  call  the  load  nomogram ,  founded  on  a  basis  similar 
to  that  used  for  the  incidence  nomogram. 

Let  us  take  the  decimal  logarithms  of  the  expression 

(172) 

in  which  we  have  put 

and  where  c  is  an  arbitrary  quantity.  We  find: 

log  az  cak 

<I7a>  log"  +  log" 

c  c 


az  —  ale 


l  COS  (f> 

2  sin2((p  —  i) 


ale  •  M  =  cale  • 


M 


M= 


^  COS  p 

2  sin2(<^  —  i) 


Let  us  establish  a  univocal  and  reciprocal  correspondence  between  this  equation  and  the  equation 


as  follows 


u  7  L~X  ,  v  7  L  +  x  i  _ a 

l,'1  2Ly  +  l3‘l>2 lyy~1~° 


log  p  log 


1 

cak 


v 

4 


which  gives 

(174) 

(175) 


log 


M  _  2  Ly 


2  Ly 


c  l2(L-\-x) 


u  =  lt  log  az;  v  =  l2  log 


,  _  j  4 _ 4 .  y  __  4^ 


log, 


cak 


l  COS  p 


4  +  //  y  4+4  6  2csin2(<p  —  i) 


For  the  tracing  of  the  nomogram  I  have  adopted:  the  angle  between  the  axes  of  ordinates  and 
abscissae  equal  to  90°  (see  fig.  26) ;  \  =  and  log  c  — 1.5,  with  x  =  0.  The  second  of  the  equa¬ 
tions  (174)  represents  a  family  of  curves  having  i  as  parameter  when  p  is  taken  as  abscissa  and 
y  as  ordinate.  Each  point  ( i ,  p)  of  these  curves  projected  on  the  Y  axis  is  situated  on  the 
straight  line  (u,  v )  corresponding  to  a  system  of  values  of  az  and  ak,  which  with  the  foregoing 
values  of  i  and  <p  satisfy  the  equation  (172).  The  use  of  the  nomogram  follows  from  this  last 
remark.  Each  straight  line  joining  a  point  of  the  az  scale  to  a  point  of  the  ak  scale  cuts  the  Y 
axis  in  such  a  point  that  the  corresponding  values  of  <p  and  i  are  situated  at  the  intersection  of 
the  parallel  to  the  x  axis  going  through  this  point  and  the  family  of  curves  defined  by  the 
second  of  the  equations  (174).1  Thus  for  ak  =  0.008;  cc  =  38°;  -£  =  4°  we  shall  find  az  =  0.04. 
As  g  is  a  function  of  az  only,  I  have  joined  to  the  scale  of  az  a  functional  scale  which  gives 
directly  the  corresponding  values  of  q.2 

It  is  to  be  noted  that  the  incidence  nomogram  as  well  as  the  load  nomogram  are  inde¬ 
pendent  of  the  fluid  mass  density  5.  These  nomograms  might  thus  be  used  for  the  computation 
of  a  screw  in  any  fluid,  the  physical  nature  of  the  fluid  will  intervene  only  in  the  values  to  be 
adopted  for  the  coefficient  k. 


i  For  all  the  details  concerning  this  type  ol  nomogram  see  “  Traite  de  Nomographic,”  by  G.  d’Ocagne,  pp.  145  and  324. 

1  The  load  nomogram,  although  established  for  0-0,  can  be  used  with  a  practically  sufficient  approximation  for  values  of  0  near  zero. 
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Summing  up  the  foregoing,  for  the  design  of  a  propeller,  we  have  to  proceed  as  follows: 
A  certain  number  of  sections,  whose  general  configuration  has  to  be  fixed,  are  chosen  on  each 
blade.  Practically  from  four  to  eight  sections  are  sufficient.  Having  chosen  the  angles  of 
attack  under  which  we  wish  our  blade  sections  to  work,  for  the  given  advance  m  -  V/N,  the 
effective  blade  angles  <p  will  be  found  by  aid  of  the  incidence  nomogram.  From  these  values 
we  will  be  able  to  calculate  the  quantities, 

(176) 

for  all  the  sections  considered,  and  thus  will  be  able  to  establish  the  propeller  drawing  1  knowing 
also  the  corresponding  values  of  the  angles  y  which  the  zero  lines  make  with  the  chords  of  the 
blade  sections.  By  aid  of  the  load  nomogram,  q  will  be  calculated  and  by  aid  of  the  formula 
(171)  p  will  be  calculated.  Plotting  the  curves  of  q  and  q/p  against  r2,  by  a  quadrature  of  the 
area  obtained,  one  can  find  f  and  /2  and  thus  Lu,  La  and  77.  The  same  method  has  to  be 
followed  for  the  verification  of  the  power  of  a  screw  already  built,  only  the  order  of  finding  <p  and  i 
is  reversed. 

The  knowledge  of  the  curves  of  q  and  q/p  gives  a  complete  picture  of  the  contribution  of 
each  blade  section  to  the  work  of  the  whole  blade  screw,  and  thus  allows  one  to  find  in  magni¬ 
tude,  as  well  as  in  sense,  the  load  distribution  along  the  blade,  which  has  to  be  known  for  the 
computations  of  blade  stresses. 

I  must  finally  remark  that  the  neighborhood  conditions  can  have  an  influence  on  the  work¬ 
ing  of  the  propeller;  that  is  why  when  such  an  influence  is  to  be  expected  it  is  good  to  build 
the  propeller  with  a  small  excess  in  diameter,  whose  jR’ogressive  shortening  when  testing  the 
propeller  will  easily  allow  us  to  bring  the  propeller  to  do  exactly  the  required  number  of  turns 
N  at  the  speed  V.  The  diameter  thus  obtained  will  be  the  one  which,  under  the  given  neighbor¬ 
hood  and  working  conditions,  exactly  corresponds  to  the  disposable  power  La. 

The  author  has  designed  many  propellers  by  the  method  above  described  and  has  convinced 
himself  of  the  entire  availability  of  the  foregoing  method,  not  only  for  the  design  of  propellers  at 
their  maximum  efficiency,  but  also  for  the  tracing  of  the  total  efficiency  curve  as  function  of  the 
advance  / u  for  a  wide  interval,  including  the  maximum  of  the  total  efficiency.  These  computa¬ 
tions  have  shown,  as  already  mentioned,  that  the  lift  coefficients  Kv  are  very  slightly  influenced 
by  the  value  of  the  flow  velocity,  but  that  the  drag  coefficients  Kx  decrease  with  the  increase  of 
the  flow  velocity.  The  last  follows  from  the  fact  that  the  values  of  Kx  corresponding  to  low 
flow  velocities  when  used  for  propeller  calculations  always  lead  to  values  of  the  total  efficiency 
lower  than  those  experimentally  measured.2 

After  we  have  learned  to  calculate  the  power  developed  and  absorbed  by  a  propeller,  we 
shall  pass  to  the  general  discussion  of  the  fundamental  problem  of  the  selection  or  adaptation 
of  propellers. 

THE  THEORY  OF  THE  UNIFORM  SCREW  FAMILIES. 

I  call  uniform-  family  a  screw  family  whose  blades  can  be  made  geometrically  similar  by  a 
twisting  of  all  the  blade  sections  in  such  a  way  as  to  bring  them  all  to  have  a  zero  pitch.  All  the 
screws  of  a  uniform  family  thus  have,  at  homologous  distances  from  the  screw  axis,  geometrically 
similar  sections,  but  their  pitches  have  different  values.  I  divide  the  screws  of  each  uniform 
family  into  varieties.  Each  variety  is  characterized  by  the  fact  that  all  the  homologous  blade 
sections  are  working  under  the  same  angles  of  attack,  and  thus  each  variety  is  defined  by  a  given 

1  For  all  that  concerns  the  blade-screw  drawing  see  Note  V  at  the  end  of  this  memoir. 

*  I  will  remember  here  that  the  expression  (171)  of  the  efficiency  is  fully  independent  of  any  hypothesis.  Thus  if  the  calculated  value  of  the 
thrust  ,  as  above  indicated,  will  correspond  to  the  experimentally  measured  thrust,  but  the  calculated  efficiency  will  be  found  in  disagreement  with 
tho  experimentally  observed,  this  can  only  mean  that  the  values  used  for  the  angle  0  are  not  sufficiently  accurate. 
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system  S  (i)  of  angles  of  attack.  Three  principal  varieties  have  to  be  considered.  The  optima 
or  maxima  variety  is  the  one  for  which  all  the  blade  sections  of  the  screws  considered  are  working 
under  the  system  S ( iop )  of  their  optima  angles  of  attack.  The  minor  variety  is  the  one  for  which 
all  the  blade  sections  are  working  under  the  system  St(i)  of  angles  of  attack,  all  smaller  than  the 
corresponding  optima  angles.  The  major  variety  is  the  one  for  which  all  the  blade  sections  are 
working  under  the  system  S2  (i)  of  angles  of  attack,  all  larger  than  the  corresponding  optima 
angles.  Each  blade  screw  can  be  considered  as  belonging  to  a  certain  uniform  family.  It  is 
this  last  remark  which  makes  the  generality  of  the  theory  of  uniform  families. 

To  the  screws  of  a  given  variety,  characterized  by  a  given  system  S(i)  of  angles  of  attack, 
there  corresponds  for  a  given  advance  n  =V/N,  a  system  of  effective  blade  angles  <p  and  a 
system  of  effective  pitches  H  which  we  have  learned  to  calculate.  The  screws  of  a  variety 
defined  by  a  system  S (i)  and  having  to  work  with  different  advances  /i  are  not  geometrically 
similar.  Each  screw  of  the  optima  variety,  for  the  advance  under  which  it  has  to  work,  will 

necessarily  work  at  its  maximum  total  effi¬ 
ciency,  because  for  any  other  value  of  the 
advance,  angles  of  attack  different  from  the 
optima  angles  will  establish  themselves,  all 
the  partial  efficiencies  will  thus  be  lowered, 
and  the  total  efficiency  will  therefore  be  re¬ 
duced.  In  the  same  way  it  will  be  easy  to 
see,  considering  the  curve  of  the  total  effici¬ 
ency  v  as  a  funciton  of  the  advance  t*  (see 
fig.  28),  that  a  major  screw  for  its  advance 
will  necessarily  work  on  the  left  hand  of  the 
maximum  efficiency  and  that  a  minor  screw 
will  work  on  the  right  hand  of  the  maximum 
efficiency.  The  last  follows  directly  when 
one  remembers  the  law  of  variation  of  the  angle  of  attack  along  the  curve  of  the  efficiency 
plotted  against  the  relative  pitch  (see  Chapter  II). 

We  shall  now  establish  the  fundamental  relations  which  unite  the  screws  of  any  one  variety 
belonging  to  the  same  uniform  family.  Let  us  adopt  for  each  screw  of  our  variety  a  reference 
blade  section,  which  can  be,  for  example,  the  one  situated  on  the  third  of  the  blade  length 
counted  from  the  tip.  According  to  relation  (159),  page  60,  we  have 


(177) 

with 


V 

^2=7  <p,i) 

^l  —  2irN‘,  H=2Trrtg<p 


For  all  the  blade  sections  of  the  screw  considered  the  quantities  r,  ak,  and  i  are  known.  The 
knowledge  of  the  advance  fixes  by  aid  of  the  relation  (177)  the  blade  angle  <p  of  each  blade 
section;  and,  inversely,  when  the  blade  angle  <p  is  known,  the  value  of  the  advance  under  which 
the  given  screw  is  destined  to  work  can  be  found.  The  knowledge  of  the  blade  angle  of  one 
blade  section  fixes  thus  the  values  of  the  blade  angles  of  all  the  other  sections,  the  system 
S(i)  being  known.  For  a  given  screw  of  a  given  variety  the  blade  angles  of  all  the  blade  sec¬ 
tions  are  functions  of  the  blade  angle  of  one  of  the  sections.  Let  us  now  refer  the  relation 
(177)  to  the  reference  blade  section.  We  thus  can  write 


V_  V  D  r,, 
rfi  =  ND  '  2irr~^' 
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or 


"F  «.  2  TTV  r  /  7  *\ 

fjf)  =  £  —  ~J)  3  yak,  <p,  ^) 


designating  by  £  the  ratio  V/ND,  which  we  will  call  the  relative  advance. 
blade  section  rjV  is  a  constant,  and  as  its  blade  angle  <p  is  equal  to 


we  see  that  we  necessarily  have 
(178) 


tg  <p  = 


H_ 

27rr 


E  JL 

D  2-irr 


J)=M0 


For  the  reference 


For  all  the  screws  of  a  given  variety  of  a  uniform  family  the  series  of  the  ratios  of  the  effective 
'pitches  of  the  reference  blade  sections  to  the  corresponding  diameters  are  functions  of  the  relative 
advance  £. 

Let  us  designate  by  L'a  the  power  absorbed  for  a  given  value  of  the  advance  p  by  the  screw 
of  our  variety  whose  diameter  is  equal  to  unity.  We  have 

(179)  L'a  =  tt  5  V3J~  d(r2)  =  t  8  V3I'2 

Let  us  first  consider  in  our  screw  variety  all  the  screws  for  which  the  ratio  VfrU  has  the  same 
value  for  all  the  homologous  sections;  that  is,  the  screws  whose  diameters  are  proportional  to 
the  corresponding  advances.  For  all  these  screws,  for  each  homologous  section,  the  quantities 
ok,  <p,  i  will  have  the  same  values;  the  quantities  g  and  p  will  thus  also  have  the  same  values. 
Under  such  conditions  the  value  of  the  integral  I2  will  be  proportional  to  the  square  of  the 
diameter  of  the  screw  considered;  that  is,  for  any  one  of  the  screws  considered  we  will  have 


La  =  tt5  V3D2  J  ^  d(r2)  =  t rS  V3D2I'2 


the  integral  V2  corresponding  to  the  screw  with  the  diameter  equal  to  unity.  Let  us  consider 
now  in  our  variety  all  the  screws  of  the  same  diameter,  but  for  different  values  of  the  advance 
p.  The  quantities  g  and  p  will  be  functions  of  the  blade  angles  <p  only,  or,  in  other  words,  of 
the  ratios  Hfr  or  HID,  the  ratio  D/r  being  constant  for  all  the  homologous  sections.  But 
H/D  is  a  function  of  the  relative  advance  £  for  all  the  screws  of  our  variety;  we  thus  will  have 


or 


_La_ 
7 t8  V3 


=  D2<t>(0 


(£)' 


L  D2  N2 

thTf3  =  V2~ 


Varying  first  the  diameters  for  V/rQ  =  const  and  afterwards  varying  the  advance  p  for 
D  =  const  we  will  run  through  all  the  screws  of  our  variety.  We  are  thus  brought  to  the 
following  conclusion: 

For  all  the  screws  of  a  given  variety  of  a  uniform  family  the  series  of  the  ratios  NzLJ'k8  F6  is 
a  function  of  the  relative  advance  £. 

By  quite  analogous  reasoning  it  will  be  easy  to  see  that  the  total  efficiency  77  of  all  the 
screws  of  a  given  variety  of  a  uniform  family  is  also  a  function  of  the  relative  advance  £  only; 
that  is 


(181) 


17  =  U(£) 
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The  functions  A(£),  £?(£),  C(£)  are  characteristic  for  a  given  screw  variety  defined  by  a 
system  S(i).  If  we  calculate  a  series  of  screws  of  a  certain  variety  we  will  he  able  to  trace 
point  by  point  the  curves 

HID  N2  LJtt  5  F6  =  B  (*) ;  r,  -  (7«) 

For  each  system  S(i)  of  angles  of  attack  we  will  get  a  group  of  curves.  We  will  arrive  at  a 
full  picture  of  the  properties  of  a  uniform  family  when  tracing  a  system  of  three  groups  at 
least,  of  curves  A(£),  B(£),  and  C(£):  A  first  group  of  curves,  Alf  Bv  C1}  for  a  minor  variety, 


a  second  group  of  curves,  A,  B,  C  for  an  optima  variety,  and  a  third  group  of  curves,  A2,  B2, 
C2  for  a  major  variety.  Such  a  system  of  curves  corresponding  to  a  uniform  family  is  rep¬ 
resented  in  figure  29. 1  This  system  of  curves  gives  the  complete  solution  of  the  problem  of 
the  selection  of  a  propeller.  In  fact,  suppose  we  have  to  calculate  a  propeller  to  absorb  a 
power  La  at  the  advance  /x.  The  quantity  N2  LJtt  8  V3  will  be  calculated;  and  on  the  curves 
Bv  B,  B2,  will  be  read  three  values  of  £  =  VI N  D,  from  which  will  be  deduced  three  diameters 

1  This  figure  corresponds  to  a  uniform  family  of  air-screw  of  the  “Dorand”  type  with  constant  constructive  pitch  along  the  blade.  See  G.  EiSel, 

“Nouvelles  Recherches  sur  la  resistance  de  l’air  et  l’aviation  faites  au  laboratoire  d’Auteuil,”  atlas,  Plate  XXXIII.  In  figure  29  the  curve  H/D 

Is  referred  to  the  constructive  pitch. 
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Dv  D,  D2.  To  the  three  abscissae  £  will  correspond  on  the  curves  Av  A,  A2  three  values  HJDU 
U/D  and  HJD2,  and  on  the  curves  Cv  C,  C2  three  values  Vv  rj,  tj2.  Knowing  Dv  D,  T),  from 
the  ratios  HJ Dt,  HjD,  HJD2,  we  will  find  three  values  Hv  H,  H2  of  the  pitch.  Plotting  on  a 
diagram  Dl7  D,  D2  as  abscissae  and  Hv  H,  H2  as  ordinates  we  will  get  by  three  points  a  curve 
on  which,  by  interpolation  and  by  extrapolation  (not  carried  too  far),  we  will  be  able  to  read 
all  the  system  of  pitches  Ii  and  diameters  D  of  all  the  screws  of  the  uniform  family  considered 
which  satisfy  the  conditions  of  given  power  La  and  advance  n=  V/N.1  (See  Fig.  30.) 

We  thus  see  that  to  the  data  La  and  n~V/ N  there  corresponds  an  infinity  of  propellers, 
among  which  we  have  to  choose  the  most  convenient  for  the  application  considered.  The 
following  considerations  have  to  be  taken  into  account.  The  efficiency  of  major  screws  goes 
on  increasing  in  a  certain  interval  when  the  advance  increases,  and  the  efficiency  of  a  minor 
screw  first  increases  when  the  advance  decreases.  Thus  a  propeller  for  a  tug  has  to  be  a  major 
screw  in  order  to  be  able  to  give  good  efficiencies  over  a  large  scale  of  loads.  The  propeller  of 
a  trans-Atlantic  ship  has  to  be  an  optima  screw,  for  the  maxima  ship  speed  and  the  number  of 
revolutions  of  its  engines.  An  airplane  pro¬ 
peller  has  to  be  a  minor  screw,  to  be  able  to 
maintain  a  high  efficiency  when  climbing,  /y' 

In  practice  we  are  often  limited  by  the  space 
disposable  for  the  propeller.  In  such  cases 
there  will  only  be  left  to  us  to  approach  as 
near  as  possible  the  most  favorable  screw 

type- 

When  we  have  to  choose  the  propeller 
for  a  given  application  the  great  unknown 
of  the  problem  is  generally  the  head  resist¬ 
ance  or  drag  of  the  vehicle  to  which  the  pro¬ 
peller  has  to  be  adapted.  This  is  why  one 
must  proceed  as  follows.  We  will  determine 
either  the  minimum  speed  which  we  can  ex¬ 
pect  from  the  vehicle  and  calculate  for  it  a  0 
major  screw,  or  the  maximum  speed  expected 
from  the  vehicle  and  calculate  for  it  a  minor 
screw.  The  testing  of  the  vehicle  with  such  a  testing  screw  will,  with  full  certitude,  indicate 
the  speed  which  our  vehicle  can  realize  with  the  disposable  power.  If  our  first  approximations 
to  the  speed  of  the  vehicle  should  in  the  first  testing  appear  to  be  far  from  the  observed  speed, 
a  second  testing  screw  would  have  to  be  used.  Once  having  found  the  exact  order  of  the 
vehicle  speed  magnitude  compatible  with  its  power,  we  will  then  have  only  to  calculate  the 
definitive  screw  which  corresponds  to  the  conditions  La  and  /z  =  V/N  and  which  this  time 
will  have  to  be  a  major,  optima,  or  minor  screw  according  to  the  screw  application  consid¬ 
ered.  Proceeding  as  indicated  above,  we  will  with  full  certitude  find  the  very  best  screw 
which  the  case  considered  can  admit. 

The  demands  of  the  strength  ol  the  screw  blades  will  fix  the  limits  between  which  diagrams 
for  screw  selection  can  be  established.  It  will  usually  be  found  necessary  to  establish  a  series 
of  diagrams  for  increasing  power  intervals.  A  series  of  such  diagrams  gives  the  complete 
solution  of  the  screw  selection  problem  in  its  whole  generality.  For  the  important  applications 
of  blade  screws  it  will  be  good,  after  having  found  the  screw  dimensions  by  aid  of  the  screw 


Fig.  30. 


1  In  the  general  case  we  will  have  as  many  points  of  the  H curves  as  functions  of  D,  as  groups  of  curves  A,  B,  Chave  been  traced. 
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selection  diagram,  to  try  by  a  series  of  calculations  of  the  modified  screw  to  improve  its  qualities. 
The  author  hopes  that  he  will  have  the  pleasure  of  seeing  in  the  near  future  the  spreading  of 
the  use  of  such  screw  selection  diagrams  for  different  uniform  families,  by  aid  of  which  will  be 
eliminated  all  the  difficulties  of  the  delicate  problem  of  selecting  screws. 

The  screw  selection  diagram  allows  one  also  to  judge  of  the  influence  of  the  variation  of 
the  number  of  revolutions  on  the  efficiency  of  a  propeller.  It  will  be  advantageous  to 
use  gearing  only  when  the  increase  in  efficiency  is  able  to  compensate  the  losses  in  the  gears, 
if  only  the  space  disposable  for  the  propeller  or  other  conditions  do  not  oblige  us  to  use  gears. 
It  must  be  noted  that,  although  the  efficiency  of  a  propeller  increases  generally  when  its  number 


of  revolutions  is  decreased,  this  increase,  however,  is  not  very  large.  Thus  for  the  speeds  of 
actual  airplanes  included  between  100  km./hr.  and  200  km./hr.,  and  numbers  of  revolutions  of 
the  actual  aviation  engines  included  between  1,000  and  2,000  revolutions  a  minute,  it  is  only 
exceptionally  advantageous  to  use  gears  whose  losses  are  generally  greater  than  the  gain  in 
efficiency.  The  gearing  up  of  a  screw  brings  also  with  it  an  increase  in  size  and  consequently 
an  increase  in  weight  of  the  screw.  On  the  diagram  reproduced  here  (see  fig.  31),  by  aid  of 
the  screw-selection  diagram  of  figure  29,  for  a  number  of  revolutions  from  600  to  3,500  a  minute, 
for  an  invariable  power  of  240  horsepower  applied  to  the  screw  axis,  there  are  calculated  the 
efficiencies  77,  the  diameters  D  and  the  pitches  H  of  the  whole  series  of  corresponding  minor 
screws.  It  is  easy  to  see  that  the  dimensions  of  the  propellers  go  on  increasing  much  more 
rapidly  than  the  efficiency  when  the  number  of  revolutions  decreases. 

I 


Chapter  IV. 


NEW  METHOD  OF  MEASURING  THE  COEFFICIENTS  OF  FLUID  RESISTANCE  BY  AID 

OF  THE  PLANE  RADIAL  SCREW. 


In  the  last  chapter,  for  the  screw  working  at  a  fixed  point  we  have  established  the 
following  system  of  formulae: 

nb  2sin2.(<p  —  i0) 


(105) 


a 


2irr  cos  (<p  +  j30) 


(106) 

(107) 

(108) 

(109) 

(110) 
(111) 


= _ tg  (<p-  i0) _ _ _ 

tg  (#>+&>)[  1  +2  tg  fo-i0)  tg  (<p  +  P0)~\ 

V0  —  ^oPotg(^  +  fio) 
r<j)0  —  2rtt0p0  tg2(<p  +  j30) 

A Q0  =  28ASv02  =  28ASr2ti02p02  tg2  (<p  +  0O) 
A(70  =  28rASr2Sl02p02  tg3  (*>+&,) 

Co  =  VqAQo 


and  we  have  shown  that  the  angles  of  attack  i0  of  the  different  blade  sections  are  constant, 
independent  of  the  angular  velocity  of  screw  rotation,  these  invariable  values  of  the  angles  of 
attack  being  given  by  the  relation  (105). 

Let  us  consider  a  screw  defined  by  the  conditions 


(182) 


<p  =  const 
a  =  const 
ki  =  const 


all  along  each  blade.  From  these  conditions  it  follows  that 

i0  =  const;  p„  =  const 

along  each  blade. 

The  condition  <p  =  const  expresses  the  fact  that  the  screw  blades  are  not  twisted,  having 
a  constant  blade  angle. 

The  condition  a  =  const  expresses  the  fact  that  each  blade  is  limited  by  two  radial  straight 
lines. 

The  condition  ki  —  const  expresses  the  fact  that  all  the  blade  sections  are  geometrically 
similar.  The  thickness  of  the  blades  must  thus  go  on  increasing  from  boss  to  tip  proportion¬ 
ally  to  the  distance  from  the  screw  axis. 

I  call  plane-radial  screw  a  screw  whose  blades  satisfy  the  foregoing  conditions  (182). 

It  is  easy  to  see  that  for  such  a  screw  the  equations  (109)  and  (110)  can  be  directly  inte¬ 
grated  and  we  have 

(183)  =  tg2  (v+0o)  [r2*-r t4] 


00  -  4/6^p<W  tg8  (*  +  j80)  [r3s  -  r,5] 


(184) 


167080— S.  Doc.  307,  65-3 - 15 
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r2  being  the  screw  radius  at  blade  tip  and  the  radius  of  the  boss, 
equal  to 


(185) 


Go 

Qo 


=  V5  tg  (*>+0ofe 

'2 


The  ratio  of  C0  to  Q0  is 


We  will  show  that  the  empirical  quantities  Tc{  and  0  or  Kx  and  Kv,  which  correspond  to 
the  blade  section  profile  used  for  the  blades  of  a  plane-radial  screw  can  be  measuerd  by  test¬ 
ing  the  plane-radial  screw  at  a  fixed  point  and  measuring  its  thrust  Q0  and  torque  C0. 

In  fact,  knowing  rv  r2,  Q0  and  C0  from  relation  (185)  we  find  the  value  of  tg(<p  +  0o). 
Knowing  tg(^  +  0o)  from  relation  (183)  we  find  Po. 

Knowing  tg(#>  + 0O)  and  Po  from  relation  (106)  we  get  tg(<p-i0). 

Knowing  tg  (<p  +  0O)  and  tg(<p  —  i0)  the  relation  (105)  gives  the  value  of  &f. 

Let  us  designate  by  \p  the  constructive  blade  angle,  that  is,  the  angle  between  the  chord 
of  the  blade  section  and  the  plane  of  screw  rotation,  by  a  the  constructive  angle  of  attack  and 
by  7  the  angle  between  the  chord  and  zero  line  of  the  blade  section  considered  (see  fig.  32). 
We  have: 

(186)  =  y 

and 

(187)  =  o:  -(-  7 


Suppose  that,  having  measured  Q0  and  C0  we  have  found 

(188)  <p  +  Po  =  'f/  +  'Y  +  Po  =  Ci 

(189)  <p  —  i0=-\f/  +  y—io  =  \f/  —  a  =  c2 

The  angle  \//  being  known,  we  will  have 

(190)  a  =  ip  —  c2 

Knowing  thus  for  each  value  of  \J/  the  value  of  7ct  and  the  corresponding  value  of  a,  we 
shall  be  able,  by  a  series  of  tests  made  with  different  values  of  to  trace  the  curve  of  as 
a  function  of 

h=F(cc) 

The  intersection  of  this  curve  with  the  axis  of  abscissae  will  give  us  the  value  of  7,  and  we 
shall  thus  be  able  to  calculate  the  values  of  p0  and  i0  which  correspond  to  each  value  of  \p. 

(191)  ft,  =  Cj  — —  7 

(192)  io~  C2~'P  — Y 
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We  will  thus  obtain  all  the  necessary  data  for  the  tracing  of  the  curves  of  kt  and  jS  as  functions 
of  i;  or,  if  we  prefer  the  curves  of  Kx  and  Kv,  these  can  be  directly  deduced  from  those  of 
kt  and  0. 

We  thus  see  that  for  the  measurement  of  Jc{  and  0  or  Kx  and  Kv  as  functions  of  i,  it  is 
sufficient  to  take  small  plane-radial  boards,  whose  cross  sections  have  the  profile  to  be  studied, 
and  to  fix  them  to  a  boss  permitting  one  to  use  them  as  blades  under  different  values  of  the 
constructive  blade  angles  \p.  Measuring  by  a  series  of  tests  Q0  and  C0  for  different  values  of 
\f/  of  such  a  plane  radial  screw,  there  will  be  found,  as  explained  in  the  foregoing,  first  the  series 
of  corresponding  values  of  k{  as  functions  of  «;  afterwards,  7  having  been  determined,  there 
will  be  found  the  series  of  corresponding  values  of  k{  and  /3  as  functions  of  i. 

I  will  not  stop  here  to  give  the  details  of  such  experiments  or  to  discuss  the  precautions 
to  be  observed  for  the  exactitude  of  the  measurements. 

The  importance  of  this  experimental  method  consists  first  in  its  experimental  simplicity, 
since  we  have  only  to  make  measurements  upon  a  screw  working  at  a  fixed  point;  and,  further, 
it  is  the  only  method  which  allows  measurements  at  the  same  great  values  of  speeds  of  flow  and  in 
exactly  the  same  blade-screw  conditions  as  in  actual  use ;  and  this  in  any  fluid,  water,  air,  etc. 
The  use  of  this  method  will  without  any  doubt  allow  us  to  elucidate  many  questions  of  first 
importance  about  fluid  resistance  at  high  velocities  and  in  different  fluids.1 

Although  it  is  not  my  intention  in  this  first  memoir  to  treat  the  question  of  the  screw 
working  at  a  fixed  point,  to  which  a  separate  memoir  will  be  devoted,  I  will,  however,  give  a 
brief  summary  of  the  properties  of  the  plane  radial  screw,  which  it  will  be  interesting  to  note, 
and  which  will  show  in  what  measure  the  present  screw  theory  can  in  reality  treat  any  case 
of  screw-working,  including  the  case  at  a  fixed  point,  which  has  always  been  considered,  up 
to  the  present,  as  the  most  difficult  to  investigate. 


GENERAL  PROPERTIES  OF  THE  PLANE-RADIAL  SCREW  WORKING  AT  A  FIXED  POINT. 


When  we  have  to  do  with  a  blade  screw  working  at  a  fixed  point,  its  efficiency  p0  is  the 
quantity  which  measures  for  the  screw  when  advancing  its  fan  losses.  The  losses  of  a  screw 
at  a  fixed  point  thus  reduce  to  the  vortex  losses  pt  and  resistance  losses  pr.  For  each  blade 
element  we  have 


(193)  P«  =  ^  =  2p„tg2(»!  +  ^) 

(194)  pr-  1  -p.-p,  =  1  -P.[l  +2  tg2  fe>  +  ft,)] 


Let  us  examine  briefly  the  conditions  of  maximum  of  p0.  If  we  note  that  p0  is  an  increas¬ 
ing  function  of  i0  so  far  as  (30  is  nearly  constant,  and  that  /30  is  a  very  rapidly  increasing  function 
of  i  for  but  that  for  i0>i'  the  variations  of  /30  are  small,  it  will  be  easy  to  see  that  the 

maximum  of  p0  will  occur  for  i0=i'  and  /3o=0.  The  conditions  of  maximum  of  the  efficiency 
of  a  blade  screw  at  a  fixed  point  are  thus  the  same  as  for  a  blade  screw  when  advancing.  We 
have 


(195) 


Po 


max  _ 


_ tg 

tg^[l+2tg«ptg(v?  — i')] 


In  figure  33  have  been  traced  by  aid  of  this  equation  a  series  of  curves  of  the  efficiency  p0max  as 
functions  of  <p  for  different  values  of  i0  =  i'.  It  is  easy  to  judge  by  aid  of  these  curves  about  the 
maximum  which  the  efficiency  p0max  can  reach. 


1  According  to  an  agreement  which  has  been  made  between  the  author  and  the  National  Advisory  Committee  for  Aeronautics,  the  author 
has  permanently  withdrawn  from  the  United  States  Patent  Office  his  pending  patent  on  plane-radial  screws,  and  has  thus  abandoned  to  the  Public 
Domain  the  use  of  the  plane-radial  screw  in  the  United  States. 
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When,  for  a  blade  section  of  a  given  profile,  values  for  <p  and  i0  have  been  adopted,  by  this 
fact  the  value  of  the  breadth  will  be  fixed.  In  this  same  figure  33,  by  aid  of  equation  (105), 
a  series  of  curves  of  the  breadth  ratio  have  been  traced  as  functions  of  <p  for  different  values  of 
i0  =  i',  and  consequently  /3o  =  0.  On  the  other  hand,  the  limiting  value  of  the  breadth  ratio  is 
fixed  by  the  relation  (134)  of  Chapter  III.  The  curves  of  the  breadth  ratio  are  thus  limited 
from  above,  as  a  first  approximation,  by  the  curve  of  sin  <p  (see  fig.  33). 


Finally,  on  this  same  figure  33,  for  the  purpose  of  a  quick  calculation  of  the  slip  velocity 

v0  =  rSl0  p0  tg  <p, 

has  been  traced  a  series  of  curves  of  p0  tg  <p,  as  functions  of  <p  for  different  values  of  —  and 
thus  /3o^0. 

It  has  to  be  noted  that  the  curves  of  figure  33  are  independent  of  the  fluid  density. 

Let  us  in  formulae  (183)  and  (184)  put 

(196)  r  ^  —  c  r ~?r” 

I)  being  the  diameter  of  the  screw  considered,  and  substitute  ti0  =  2 tN.  These  formulae  can 
then  be  written : 

(197)  Q0  =  H  *-3  (1-c4)  W  tg2  (*+&)  NW* 

(198)  Q0C0  =  L0=  V.  (1  -c5)  W  tg3  (<P+Po)  N3Da 

•  =  4U  *  Qo  tg  (<P  +0o)  ND 


(199) 
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Let  us  give  a  quantitative  evaluation  of  these  last  formulas.  According  to  figure  33  it 
will  be  easily  seen  that  we  will  have  good  working  conditions  adopting: 

*>  =  15°;  i0=6°;  a  =  0,25;  Po  =  0,  55 

Introducing  these  last  values  in  the  formulas  (197),  (198),  and  (199)  and  considering  /3o  =  0  and 
8  —  J4  (air  density)  and  neglecting  the  high  powers  of  c,  we  get 

(200)  Qo  =  0,  021  N2D* 

(201)  L0  =  0,014  N3D 5 

(202)  Lo  =  0,  67  Q0ND 
From  the  last  follows 

(203)  ^=0,36  ll~ 

iv0  V 

and 

(204)  W=  4, 15^/5 


On  figure  34  is  represented  according  to  the  relation  (203)  a  series  of  curves  which  give 
Q0\L0  in  kilograms  per  horsepower  for  a  plane-radial  lifting  screw,  as  function  of  its  diameter 
D,  and  for  different  values  of  L0.  The  power  L0  has  been  successively  taken  equal  to  1,  5,  10, 
50  and  100  horsepower.  On  the  same  figure,  by  aid  of  the  relation  (204)  have  been  traced  the 
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curves  corresponding  to  N=  const  for  different  values  of  N.  We  thus  see  that  the  thrust 
furnished  by  a  lifting  screw  increases  with  the  increase  of  its  diameter,  with  the  decrease  of 
its  number  of  revolutions  and  with  the  power.  It  is  ileus  the  screws  of  small  power  and  large 
diameter  which  turn  slowly  that  will  prove  the  best  lifting  screws. 

Let  us  calculate  also,  for  the  case  of  air-screws,  their  blowing  capacity.  Let  us  designate 
by  U  the  number  of  cubic  meters  of  air  that  a  fan  can  blow  in  a  second.  We  have 

p-. 

Z7=  I  2irrdrv0 


Fig.  35. 


and  substituting  for  v0  its  value  we  get: 

U=  2xp0fi0  tg  (v?  +  /30) 

and  integrating  we  find 


Cn 

I  r^dr; 

J  ri 


(1-c3)  P0tg (*>+&,)  NDS 


and  substituting  finally  the  numerical  values  adopted  above,  we  find 

Z7=  0,24  ND3 
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By  aid  of  this  last  relation  the  curves  of  figure  35  have  been  traced  and  they  indicate  the  value 
of  U  per  horsepower  as  function  of  the  diameter  D  for  different  powers.  A  second  system  of 
curves  gives  the  corresponding  numbers  of  revolutions.  We  see  from  these  curves  that  for 
fans,  as  well  as  for  lifting  screws,  it  is  the  fans  of  small  power,  large  diameter  and  slow  rotation 
that  furnish  the  best  blowing  action. 

The  plane-radial  screw  is  thus  able  to  furnish  good  lifting  screws  and  good  fans  and  its 
simplicity  makes  it  specially  fitted  for  many  applications. 

Thus,  for  example,  (see  figs.  34  and  35)  with  a  plane-radial  screw  working  10  turns  per 
second,  that  is,  600  turns  per  minute,  we  will  be  able  to  get: 


L0  —  1 . 

5 

10 

50 

100  h.p. 

1)^1  A 

1.95 

2.50 

3.10 

3.50  m. 

Q/Lo^S 

6 

5 

4 

3  kg./h.p. 

U/L0^Q 

3.5 

2.5 

1.3 

1  m.3/h.p. 

Q0s 

30 

50 

200 

300  kg. 

CO 

II 

17.5 

25 

65 

100  m.3 

In  the  practical  realization  of  plane-radial  screws  one  will  certainly  not  be  obliged,  since  the 
screw  is  not  used  as  a  measuring  instrument,  to  adopt  the  condition  Tct  =  const,  that  is,  the  screw 
will  be  made  with  a  thickness  decreasing  toward  the  blade  tips.  All  the  formulae  established 
in  the  foregoing  can  be  used  as  a  first  approximation.  In  a  memoir  which  will  follow  the  present 
I  will  treat  in  full  detail  the  different  kinds  of  lifting  screws  and  fans  and  indicate  the  methods 
of  their  design. 


George  de  Bothezat. 


NOTE  I. 


THE  THEOREMS  OF  MOMENTUM  AND  MOMENTS  OF  MOMENTUM  IN  THEIR  APPLICATION  TO  THE 

STEADY  MOTION  OF  FLUIDS. 

The  theorems  of  momentum,  moments  of  momentum,  and  kinetic  energy  have  been  called 
the  three  universal  theorems  of  motion  by  Paul  Appell,  in  the  sense  that  they  can  be  applied  to  any 
mechanical  system.  The  first  two  of  these  theorems  are  expressed  by  the  following  system 
of  equations:1 

ffKmsf)=ssx 

|is(m3f)=ssz« 

3T K2' x' “  25 2  (2 X° ~x Z”) 
ws(y-m^~e-m^)=ss(yz^zY^ 

or,  in  vector  notation : 2 

(1)  -jjj  2mv  =  F ;  J^-2r  •  mv  —  R-  F 

F  being  the  resultant  of  all  the  exterior  forces  applied  to  the  system  considered;  2  m  v  the  geomet¬ 
rical  sum  of  the  linear  moments  of  the  system;  2  r-mv  the  resultant  moment  of  momentum  of  the 
system;  R •  F  the  resultant  moment  of  all  the  exterior  forces;  these  last  moments  being  taken 
relative  to  a  point  invariably  connected  to  the  absolute  reference  system. 

Let  us  consider  a  fluid  mass  in  a  steady  state  of  motion,  and  let  us  apply  the  above-mentioned 
theorems  to  the  portion  of  a  stream  tube  included  between  two  of  its  orthogonal  sections  St  and 
S2.  Let  us  calculate  the  increment  of  the  fluid  momentum  included  between  those  sections. 
If,  at  the  moment  t  the  fluid  occupies  the  portion  of  the  tube  between  S1  and  S2,  at  the  moment 
t  +  dt  this  same  fluid  mass  will  occupy  the  portion  S'x  S'2  of  the  stream  tube  (see  Fig.  36).  The 
motion  being  steady,  the  momentum  of  the  fluid  mass  (III)  common  to  both  volumes  St  S2  and 
S\  S' 2  will  remain  invariable.  The  increment  of  the  momentum  of  the  fluid  mass  between 
and  S2  will  thus  be  equal  to  the  difference  of  the  momentum  of  the  fluid  mass  II  and  I.  This 
last  difference  is  equal  to 

2  ( v2  •  m2dt — Vi  •  mfit)  =  dt  2X  (m2v2  —  m2v  t) 

i  See  “  Traits  de  mecanique  rationelle,”  Tome  II,  Edition,  par  M.  Paul  Appell,  pp.  19  et  24. 

’For  vectors  I  use  the  notation  A — a  horizontal  line  over  the  letter  representing  the  vector;  for  the  vector  product  the  notation  AB — a  hori¬ 
zontal  line  over  both  vectors  of  the  product;  for  the  scalar  product  the  notation  A  B;  that  is,  the  same  notation  as  for  the  algebraical  product  of 
two  scalar  quantities. 
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where  m,  represents  the  fluid  mass  which  flows  in  a  unit  of  time  through  an  element  ds  of  section 
St;  vx  the  flow  velocity  at  the  same  element,  with  similar  notions  for  S2.  We  thus  have 

(2)  ^  s mv  =  2  (m2v2  -  m,v,) 


(3) 


By  a  fully  analogous  reasoning  we  find 

d 


^r-mv=  2  (r2mv 2  —  rx-mvx ) 


Let  M  be  the  total  fluid  mass  which  flows  in  a  unit  of  time  through  the  stream  tube  con¬ 
sidered,  and  let  us  define  two  vectors  7,  and  V2  by  the  following  relations: 

mn  MYilL  _si  mi'ui _  )  M  V2=Zm2v2 _ 

'  Rx- MVi  =  21rl-mvl  \  R2- MV2  =  2  r2-m2v2 


When,  to  a  sufficient  approximation,  %\  and  v2  can  be  considered  as  uniform  in  the  whole  section 

of  Sx  and  S2  we  shall  have  _  _  _ 

VlQ^v1 ;  V2^v2 

the  vectors  Tj  and  T2  being  applied  to  the  centers  of  mass  of  St  and  S2. 

On  account  of  the  relations  (2),  (3),  and  (4)  the  equations  (1)  take  the  form 


or 


MV2-MVx=F 
R2-MV2 -Rt-MVt  =  7f-F 


F+  MVX—  MV2  =  0, 
R-F+R^MVx  -  R2-MV2  =  0, 


and  this  brings  us  to  the  following  theorem: 

For  a  fluid  mass  in  steady  motion,  the  resultant  wrench  of  all  the  exterior  forces  applied  to  a 
portion  of  a  stream  tube  limited  by  two  cross  sections  and  of  the  resultant  screw  of  the  inflow  momentum 
(the  outflow  momentum  having  to  be  taken  in  the  reverse  sense )  is  equal  to  zero.  (See  fig.  371)- 


i  It  is  supposed  on  this  figure  that  the  resultant  screw  of  the  exterior  forces  is  reduced  to  a  resultant  force. 
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In  the  application  of  this  theorem  special  attention  must  be  paid  to  the  importance  of 
taking  account  of  all  the  exterior  forces.  For  a  stream  tube  portion  these  exterior  forces  are  not 
only  the  normal  'pressures ,  but  also  the  tangential  stresses  exercised  on  its  boundary  surface. 

As  the  preceding  theorem  can  be  applied  to  each  stream  tube,  it  will  be  easy  to  see  that 
we  can  also  apply  it  to  any  system  of  stream  tubes.  We  are  thus  brought  to  the  following 
theorem : 

For  a  fluid  mass  in  steady  motion,  the  resultant  of  the  resultant  wrench  of  all  the  exterior  forces 
applied  to  a  portion  of  the  fluid  mass  inclosed  in  any  closed  surface  and  of  the  resultant  screw  of  the 
inflow  momentum  ( the  outflow  momentum  having  to  be  talcen  in  a  reverse  sense )  is  equal  to  zero. 

When  one  or  several  bodies  are  plunged  in  the  fluid  mass  contained  in  the  closed  surface 
considered,  the  pressures  of  the  bodies  on  the  fluid  have  to  be  considered  as  exterior  forces  for  the 
fluid  mass  considered. 


NOTE  II. 


GENERALIZATION  OF  BERNOULLI'S  THEOREM. 

For  the  determination  of  the  pressures  in  a  fluid,  we  possess  the  Bernouifli  theorem,  which 
furnishes  us  the  law  of  variation  of  pressure  along  a  stream  line  and  also  along  a  vortex  line.  We 
also  know  that  the  Bernouilli  theorem  is  applicable  to  the  whole  fluid,  considering  the  Bernouifli 
constant  as  invariable,  when  the  fluid  motion  is  irrotational.  But  in  the  general  case,  wdien  we 
go  from  one  stream  line  to  another,  the  Bernouilli  constant  changes  its  value.  What  is  the  law 
of  variation  of  the  Bernouilli  constant  in  the  whole  fluid  mass  in  the  general  case  ?  It  is  the 
solution  of  this  question  that  the  present  note  gives.  We  so  arrive  at  the  general  solution  of 
the  problem  of  the  pressure  distribution  in  a  fluid  mass. 

Let  us  consider  a  fluid  mass  in  a  steady  state  of  motion.  Let  us  consider  in  this  fluid  mass 
the  stream  line  curves  and  also  two  other  families  of  fundamental  curves:  the  normal  lines, 
defined  by  the  property  that  the  tangent  at  each  point  to  those  curves  coincides  with  the  prin¬ 
cipal  normal  of  the  stream  line  through  this  point,  and  the  binormal  lines,  defined  by  the  prop¬ 
erty  that  the  tangent  at  each  point  coincides  with  the  bmormal  to  the  corresponding  stream 
line.  The  stream  lines,  the  normal  lines,  and  the  binormai  lines  form  a  system  of  triorthogonal 
curves.1 

Let  us  consider  a  fluid  element  contained  m  the  elementary  parallelepiped,  whose  edges 
dr,  dv,  dt 3  are  respectively  directed  along  the  stream  lines,  the  normal  lines,  and  the  binormal 
lines.  On  these  curves  we  choose  the  following  positive  senses:  on  the  stream  lines,  the  sense 
of  the  velocity  of  the  fluid  particles;  on  the  normal  lines,  the  sense  toward  the  center  of  curv¬ 
ature  of  the  corresponding  stream  lines;  on  the  binormal  lines,  the  positive  sense  is  chosen  in 
such  a  way  that  the  trirectangular  trihedral  (dr,  dv,  d&)  is  positive. 


1  These  curves  have  for  equations: 
The  stream  lines 


The  normal  lines 


The  binormal  lines 


dx  dy  dz 
u  ~~v'“w 

dx  dy  dz 

Bw—  Cv^  Cu—Aw^Av—Bu 

dx  dy  dz 
A~B~C 


In  these  equations  u,  v,  w  are  the  components  of  the  velocity  of  the  fluid  and  A,  B,  C  the  determinants  of  the  matrix 


For  example 


u  v  w 
dudvdw 
dt  di  dt 


a  ,,.dv 

A  =  V—-—  W~- 
dt  dt 


expressions  in  which  jgh  are  the  1°^  derivatives,  for  example 


du  dv  ,  dv  ,  dw 
dt^Udx  Vdy+Wi)z 


the  motion  being  steady. 
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Let  us  apply  the  d’Alembert  principle  to  the  fluid  element  dr,  dv,  dp  and  let  us  consider, 
for  the  sake  of  simplicity,  the  fluid  as  incompressible  and  having  no  weight  (see  fig.  38).  The 
resultant  of  the  exterior  pressure  on  the  fluid  element  has  for  components: 

dv 

~  dr  T  dv  al°ng 

—  ^fZr  dv  dfi  along  dv 

dv 

—  ^pdr  dv  dp  along  db 

p  being  the  pressure  at  the  point  considered. 


T-he  resultant  of  the  forces  of  inertia  applied  to  that  element  has  for  components 

—  8  dr  dv  dp  along  dr 


V2 

- 8  dr  dv  dp  along  dv 

P 

0  along  dp 

8  being  the  densit\7  of  the  fluid  at  the  point  considered,  V  the  velocity  and  p  the  radius  of  the 
principal  curvature. 

According  to  the  d’Alembert  principle  we  must  have 


(1) 


*V,hdV  n 

dr  +  *dt=° 


(2) 


dp 

d  v 


=0 


<S>  5?-« 

This  system  of  relations  represents  the  equations  of  motion  of  the  fluid  referred  to  the  tri- 
orthogonal  curvilinear  system  of  stream  lines,  normal  lines,  and  binormal  lines,  which  can  be 
called  the  natural  curvilinear  coordinates  of  the  fluid,  or,  shorter,  the  natural  coordinates  of  the 
fluid. 
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I.  The  equation  (1)  brings  us  directly  to  the  Bernouilli  theoren;  we  have 

dp.^dV  dp.  .  dVdr  ^dV  n 

St+5W  =  5 -r+Sl^dt=dP+SV^-° 


dr 


and  integrating  along  a  stream  line,  we  get 

(4)  p  +  ~2~  =  G 

a  relation  which  constitutes  the  Bernouilli  theorem,  C  being  the  Bernouilli  constant. 

II.  The  equation  (2)  gives  us  the  distribution  of  pressure  along  the  normal  lines.  Inte¬ 
grating  this  equation  along  a  normal  line,  we  get 

r  V2 

(5)  p+  j  8  ~dv=  C 

This  last  equation  is  susceptible  of  the  following  important  transformation:  1 

Let  us  designate  by  u>T)  co„,  up  the  components  of  the  vortex  and  by  VT,  VPf  Vp  the 
components  of  the  resultant  velocity  V  along  the  directions  dr,  dv,  d(3,  at  the  point  considered. 
We  have 

VT  =  V;  Vv  =0;  Vp  =0 


The  relations  between  the  double  of  the  components  of  the  vortex  u  and  the  components  of 
the  velocity  are  given  by  the  determinants  of  the  matrix 


(6) 

we  thus  have 


d_  d_  d^ 

dr  dv  d(3 
Vr  Vv  Vp 


(7) 


2up 


dVy 

dr 


dVr 

dv 


or 

(8) 


dVy  n  _dVr  dV 
dr  2w<s  dv  dv 


»  By  aid  of  relation  (5)  the  pressure  distribution  In  a  slip  stream  cross  section  as  S",  for  example,  can  be  calculated.  For  such  a  calculation 
we  can  admit  as  a  first  approximation  that  the  elements  of  the  trajectories  of  the  fluid  particles  in  section  S"  are  elements  of  cylindrical  helicoidal 
curves.  Under  such  conditions  in  the  section  S"  the  normal  lines  will  be  radial  straight  lines  normal  to  the  screw  axis  and  we  will  have 


and 


dv—dr" 


r" 

'“cos*  a 


W"  COS  a—r"ai" 


a  being  the  inclination  of  the  elements  of  the  helicoidal  trajectories  to  the  plane  of  screw  rotation  and  W"  the  velocity  of  the  fluid  particles  in 
he  section  S Substituting  these  values  in  equation  (5)  from  above  we  get: 

p=  po—sj  r"w*yr* 
or 

p-po- -JJV«(r'») 

where  p0  is  the  pressure  on  the  boundary  surface  of  the  slip  stream,  5  the  fluid  density  considered  constant  for  reasons  already  mentioned. 
Knowing  the  law  of  distribution  of  a>"  in  the  section  S",  the  curve  of  5u >"*12  will  be  traced  as  a  function  of  r"».  The  quadrature  of  the  surface 
limited  by  this  curve  will  give  the  law  of  pressure  distribution  in  a  cross  section.  The  general  course  of  such  a  pressure  distribution  is  repre¬ 
sented  on  figure  2  of  the  first  chapter.  For  a  more  accurate  calculation  it  would  be  necessary  to  know  the  radii  of  principal  curvature  of  the 
stream  lines  along  a  normal  line. 
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On  the  other  hand  (see  Fig.  39) 
(9) 


bVz=VdO  =  V 

dr  dr  p 


bV,  . 


dd  being  the  contingence  angle.  Substituting  this  last  value  of  in  the  relation  (8),  for  an 
integration  along  a  normal  line  we  get 
10)  dv— 


dV 


V 

2  cos 
P 

and  substituting  this  last  value  of  dv  in  equation  (5),  we  get 

dVdV  , 


(ID 


P  + 


9nws 
~  2Py 


The  integral  of  this  last  relation  is  susceptible  of  the  following  transformation: 

tviv  prdjf  i-(x-2<^)+(i-2Py) 


J8VdV  P 

J 


1-2  p 


copr 

V 


JsVdV- 


0)0 


8VdV  -2  p-y 


—  2  p 


0)0 


8V 2 


and  equation  (11)  takes  the  form 

(12) 


/8VdV 

.J— 

2  po)0 


-1 


8  V2 

p+-^  =  c+ 


/8VdV 

Zpo)0 


which  fixes  the  distribution  of  pressure  along  the  normal  lines. 

We  easily  see  that  the  last  equation  has  the  form,  of  the  Bemouilli  equation ,  only  the  integra 
which  figures  in  the  second  member  determines  the  variation  of  the  Bemouilli  constant  when  we  go 
from  one  stream  line  to  another  along  a  normal  line. 
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If  we  put 


(13) 

equation  (12)  takes  the  form 

(14) 


AC— 


I 


SVdV 


v_ 

2pa>0 


-1 


8  V2 

P+-ff=C+AC 


We  now  see  it  is  sufficient  that  cop  =  0  along  a  normal  line — which  means  that  on  the 
normal  line  considered  the  vortex  u>  is  disposed  in  the  contingence  plane — for  the  integral  AC  to 
be  equal  to  zero  and  the  Bernouilli  constant  to  be  invariable  along  this  normal  line.  It  is  evi¬ 
dent  that  co  p  is  zero  when  u  =  0. 

The  integral  AC  can  be  written  in  the  form 


(15) 


AC= 


1 

V 


and  is  then  susceptible  of  the  following  geometrical  interpretation:  The  denominator  of  this 
integral  represents  the  difference  between  the  inverse  of  the  speed  which  the  fluid  particle  would 
have  if  rotating  with  the  angular  velocity  2cop  around  the  center  of  curvature  of  its  instanta¬ 
neous  position  and  the  inverse  of  the  velocity  V  of  the  particle. 

III.  The  integration  of  equation  (3)  along  the  binormal  lines  leads  directly  to  the  con¬ 
clusion  that  along  those  lines 

(16)  p  =  const 

that  is  to  say,  in  the  case  of  a  non-heavy  fluid,  the  binormal  lines  are  isobars.  It  will  be  easily  seen 
that  in  the  case  of  a  heavy  fluid  the  distribution  of  pressure  along  the  binomial  lines  will  be  the  same 
as  if  the  fluid  were  immobile. 

We  also  see  that  for  the  case  of  irrotational  motion  of  a  fluid  the  binormal  lines  are  also  the 
ines  of  constant  velocities,  the  Bernouilli  theorem  being  applicable  to  the  whole  fluid  mass. 

The  system  of  relations  (11),  (12),  and  (13)  fully  determines  in  the  general  case  the  dis¬ 
tribution  of  pressures  in  a  fluid  mass  in  motion.  This  system  of  relations  leads  us  to  the 
following  consequences,  which  I  will  indicate  in  general  outlines: 

I.  It  is  enough  to  know  the  distribution  of  pressure  along  a  surface  cutting  all  the  binormdl  lines 
in  order  to  know  the  distribution  of  pressure  in  the  whole  fluid  mass. 

This  proposition  is  a  direct  consequence  of  the  fact  that  the  pressure  is  constant  along  a 
binormal  line. 

II.  On  both  sides  of  a  vortex  layer,  even  thin,  there  can  exist  a  difference  of  pressure  which  can 
be  of  sensible  value. 

To  convince  ourselves  of  such  a  possibility,  it  is  sufficient  to  represent  a  vortex  layer  in 
which  the  quantity 

V  —  2po)p 

has  a  small  value  inside  the  layer,  which  can  happen  without  V  or  cop  having  excessive  values. 
Then,  when  traversing  the  layer  along  a  normal  line,  the  integral 

r  hVHV 
J  V—  2pwp 

can  have  a  large  value  and  consequently,  according  to  formula  (11)  the  difference  of  pressure 
on  the  two  sides  of  the  layer  will  be  sensible. 
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The  conception  of  a  thin  vortex  layer  maintaining  sensible  differences  of  pressure  allows  one 
to  understand  the  phenomena  which  take  place  in  the  slip  stream  created  by  the  rotation  of  a 
propeller.  Let  us  follow  a  stream  line  in  the  slip  stream  (see  fig.  40).  When  we  reach  a  point, 
such  as  B ,  disposed  before  the  propeller,  the  pressure  p  must  necessarily  be  lower  than  the 
exterior  pressure  p0,  because  the  velocity  is  all  the  time  increasing  as  we  approach  the  propeller 
and  at  points  such  as  Ax  and  A2  we  have  pressures  very  close  to  the  pressure  p.  But  when  we 
go  through  the  plane  of  screw  rotation,  the  pressure  increases  and  at  a  point  such  as  C  disposed 


Fig.  40. 


directly  behind  the  propeller,  the  pressure  p '  is  generally  greater  than  the  exterior  pressure. 
It  would  be  difficult  to  conceive  the  existence  of  a  difference  of  pressures  p'  and  p  at  points  C 
and  A2,  if  it  were  not  for  the  vortex  layer,  which  consequently  must  constitute  the  surface  of 
the  slip  stream  created  by  the  screw,  and  which  we  know  capable  of  maintaining  differences  of 
pressure.  Without  the  knowledge  of  the  existence  of  the  vortex  layer  forming  the  surface  of 
the  slip  stream  the  pressure  distribution  around  a  propeller  would  be  difficult  to  conceive.  The 
exact  configuration  of  the  boundary  surface  of  the  slip  stream  demands  further  investigations. 


NOTE  III. 

SHORT  SUMMARY  OF  THE  EMPIRICAL  LAWS  OF  FLUID  RESISTANCE  OF  AEROFOILS. 

Let  us  consider  a  cylindrical  surface  generated  by  a  rectilinear  generatrix  moving  parallel 
to  itself  along  a  plane  contour  formed  by  two  intersecting  curve  segments.  Such  surfaces  are 
generally  called  aerofoils  in  aerodynamics.  The  orthogonal  section  of  the  aerofoil  is  called  its 
'profile.  On  figure  41  is  represented  in  plane  and  profile  such  an  aerofoil  of  rectangular  peri¬ 
meter  of  breadth  b  and  span  L. 

Let  us  consider  an  aerofoil  plunged  in  a  fluid  medium  and  moving  in  the  last,  normally  to 
its  generatrices,  with  a  uniform  and  rectilinear  velocity  F,  or  let  us  admit  that  a  fluid  current 
of  uniform  velocity  if  is  directed  in  an  inverse  sense  on  the  aerofoil  maintained  immobile. 
In  both  cases,  on  account  of  the  principle  of  relativity 
of  hydrodynamics,  the  aerofoil  will  be  acted  on  by  a  re¬ 
sultant  fluid  resistance  R.  When  the  aerofoil  has  a  plane 
of  symmetry  normal  to  its  generatrices  and  the  flow 
velocity  F  is  parallel  to  this  plane,  the  fluid  resistance 
R  is  then  disposed  in  the  plane  of  symmetry. 

The  fluid  resistance  R  of  an  aerofoil  obeys  the  follow¬ 
ing  empirical  laws: 

1.  R  is  proportional  to  the  area  A  of  the  aerofoil. 

2.  R  is  proportional  to  the  square  of  the  velocity  W. 

3.  R  is  a  function  of  the  orientation  of  the  aerofoil  re¬ 
lative  to  the  flow  velocity  "F- 

4.  R  is  proportional  to  the  fluid  density  8. 

These  empirical  laws  are  submitted  to  the  following 

restrictions : 

The  proportionality  of  the  resistance  R  to  the  area  A 
holds  true  only  for  aerofoils  of  similar  perimeters  and  of 
the  same  order  of  size.  If  we  imagine  a  series  of  aero¬ 
foils  of  breadth  b  whose  span  L  goes  on  increasing,  it  will 
be  found  that  the  ratio  of  R  to  A  tends  toward  a  certain 
limit  when  the  aspect  ratio  L/b  increases.  Practically 
this  limit  is  already  reached  for  values  of  the  aspect 
ratio  near  five  or  six.  The  existence  of  a  limit  for 
aspect  ratio  is  due  to  the  fact  that  the  flow  runs  off,  as  it  were,  from  aerofoil  tips.  But 
with  increasing  aspect  ratio  the  tip  influence  rapidly  decreases  and  the  ratio  R/A  tends  to 
its  limiting  value  corresponding  to  an  aerofoil  with  infinite  aspect  ratio.  Thus,  for  a  sufficient 
aspect  ratio  all  area  elements  like  AA  will  be  in  practically  identical  flow  conditions  and  the 
total  fluid  resistance  R  can  be  considered  as  the  sum  of  equal  partial  resistances  A R  due  to 
each  element  AA  (see  fig.  41). 

The  proportionality  of  the  fluid  resistance  R  to  the  square  of  the  velocity  F  is  true  only 
for  variations  of  F  in  certain  intervals.  The  component  Rx  of  R  along  F  is  generally  called 
drag,  and  the  component  Rv  of  R  along  the  normal  to  F  is  called  lift.  It  has  already  been 
observed  by  experiment  that  the  ratio  RJ  W2  does  not  vary  much  with  F,  but  that  the  ratio 
RJ  W2  decreases  with  increasing  W. 

16 


Fig.  41. 


the  ratio  R/A  depending  upon  the 


167080— S.  Doc.  307,  65  -3 
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As  for  the  dependence  of  resistance  R  upon  the  orientation  of  the  aerofoil  in  the  flow, 
the  following  facts  are  to  be  noted :  There  exist  in  general  four  orientations  of  the  aerofoil  in  the 
flow  for  which  the  resistance  R  reduces  to  the  drag  Rx  only.  I  call  zero  plane  1  the  plane  parallel 
to  the  aerofoil  generatrices  and  containing  R  when  Rv  =  0.  It  is  by  the  orientation  of  the 
zero  plane  corresponding  to  the  entering  edge  that  we  shall  fix  the  orientation  of  the  aerofoil 
relative  to  the  flow.  We  will  call  angle  of  attack  or  incidence  and  will  designate  by  i  the  acute 
angle  between  the  velocity  W  and  the  zero  plane  adopted.  We  shall  call  zero  line  the  trace  of 
the  zero  plane  in  the  plane  of  symmetry  (see  fig.  42). 

At  the  present  time  it  is  customary  to  fix  the  orientation  of  aerofoils  relative  to  the  flow  by 
the  orientation  of  the  chord  of  their  profile.  It  must  be  noted  that  the  notion  of  a  chord  is 
defined  in  geometry  only  in  relation  to  arcs  of  curves  and  in  reference  to  an  aerofoil  it  needs  a 

special  definition.  For  a  profile  such  as  the 
one  represented  in  figure  43  a  the  chord  instinct¬ 
ively  adopted  is  the  chord  common  to  both 
arcs  limiting  the  profile.  But  for  a  profile 
such  as  the  one  represented  in  figure  43b  we 
can  draw  two  such  chords.  Finally,  for  a  pro¬ 
file  such  as  the  one  of  figure  43c  any  straight 
line  crossing  the  profile  could  be  with  equal 
propriety  adopted  as  the  chord.  We  thus  see 
that  what  is  commonly  called  the  chord  of  a 
profile  is  in  reality  a  straight  line  arbitrarily 
chosen.  When  it  concerns  the  experimental 
measurement  of  fluid  resistance  of  aerofoils, 
the  more  convenient  reference  line  has  to  be 
taken.  But  when  we  wish  to  proceed  to  the 
comparison  of  the  results  obtained,  it  is  nec¬ 
essary  to  have  a  standard  reference  line  whose 
definition  is  based  on  aerodynamical  or  hydro- 
dynamical  facts.  The  zero  line  introduced  in 
the  study  of  aerofoils  by  Paul  Pamlevi  consti¬ 
tutes  such  a  uniform  basis  for  comparisons.  The  right  understanding  of  the  above  explanation 
is  of  particular  importance  for  the  blade-screw  theory.  The  conception  of  effective  pitch,  which 
is  a  direct  consequence  of  the  notion  of  zero  line,  at  once  clears  up  many  misunderstandings, 
such  as  negative  slip,  for  example. 

Finally,  the  fluid  resistance  is  proportional  to  the  fluid  density  5.  This  resistance  thus 
depends  upon  the  temperature  and  pressure  of  the  fluid  considered. 

We  thus  see  that  the  fluid  resistance  R  of  an  aerofoil  can  be  expressed  by  the  formula 

R  =  kMW2=  KiAW2 

kib=Ki 

In  this  formula,  kt  is  an  empirical  function  of  the  angle  of  attack  which  depends  upon  the 
perimeter  and  the  aerofoil  profile  and  upon  the  kind  of  fluid  considered;  A  is  the  area  of  the 
aerofoil,  or  speaking  more  exactly,  the  area  of  the  projection  of  the  aerofoil  on  the  zero  plane; 
W is  the  flow  velocity  relative  to  the  aerofoil.  The  formula  itself  is  true  only  for  a  certain  inter¬ 
val  of  velocity  variation. 


(1) 

with 


1  The  zero  planes  have  been  introduced  into  the  study  of  laws  of  air  resistance  of  aerofoils  by  Paul  Painlevi,  who  called  them  “fictitious  planes.’’ 
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For  small  angles  of  attack  we  can,  with  a  sufficient  approximation,  adopt 

(2)  R  =  UA  WH  =  KA  WH 

with  k8  =  K 

For  most  aerofoils  moving  in  air  the  coefficient  k  has  the  mean  value 

(3)  = 

the  angle  i  being  expressed  in  degrees,  the  area  A  in  square  meters,  the  velocity  IF  in  meters 
per  second,  and  the  resistance  in  kilograms.  For  mean  conditions  of  temperature  and  pressure 
the  coefficient  /Thas,  thus,  for  its  mean  value 

(4)  K=Jc8  =  0, 04.0, 125  =  0, 005  =  ^ 


All  the  foregoing  relates  to  the  magnitude  of  the  fluid  resistance  R.  As  for  the  position  and 
orientation  of  the  fluid  resistance  R  of  aerofoils  the  following  takes  place: 


Fig.  43c. 


We  will  fix  the  orientation  of  R  by  the  angle  this  force  makes  either  with  the  zero  plane, 
or  with  the  normal  to  the  zero  plane.  The  first  of  these  angles  will  be  designated  by  j 3',  the  sec¬ 
ond  by  0H  or  /ST.  The  senses  adopted  as  positive  for  these  angles  are  represented  in  figure  42. 
These  three  angles  are  connected  by  the  relations 


(5)  /3h  =  ^  —  /F  =  7r  —  /3X 

In  cases  where  no  confusion  will  be  possible,  we  will  simply  write  0  instead  of  /3H  or  j8T. 

We  will  fix  the  position  of  the  resistance  R  relative  to  the  aerofoil  by  the  distance  of  its 
point  of  intersection  with  the  zero  plane  counted  from  the  projection  of  the  entering  edge  on 
the  zero  plane  and  will  call  this  point  center  of  'pressure . 

For  intervals  of  variation  of  the  velocity  I V  not  too  large,  the  angle  (3  and  the  position  of  the  center 
of  pressure  are  independent  of  the  value  of  IF  and  are  functions  of  the  angle  of  attack  i  only. 

When  the  center  of  pressure  is  defined  as  the  intersection  of  the  fluid  resistance  R  and  the 
chord  of  the  profile,  this  last  center  of  pressure  moves  into  infinity  for  a  certain  value  of  the 
angle  of  attack.  This  takes  place  at  the  moment  when  R  is  parallel  to  the  chord.  Such  a 
displacement  of  the  center  of  pressure  is  due  only  to  an  inappropriate  definition.  When  our 
definition  of  the  center  of  pressure  is  adopted,  this  point  tends  toward  a  definite  limit  when 
the  angle  of  attack  tends  toward  zero. 
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In  experimental  aerodymanics  it  is  customary  to  consider  the  fluid  resistance  R  decomposed 
into  its  two  components  the  drag  Rx  and  the  lift  Ry.  We  have 

RX  =  R  sin  (jSH  +  i)  =  K{AW2  sin  (0H  +  i) 

RV  =  R  cos  03H  +  i)  —  KtA  W2  cos  (/SH  +  i) 


(6) 

(7) 


When  the  angle  j3h  is  a  function  of  the  angle  of  attack  only,  we  can  write 

Rx=  KXAW2 
Ry  =  KyA  W2 
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Fig.  46. 


expressions  in  which  Kx — called  drag  coefficient — and  Ky — called  lift  coefficient — are  functions 
of  the  angle  of  attack  i  only  (for  given  conditions  of  temperature  and  pressure).  The  quantities 
Ki  and  /3H  are  connected  with  the  coefficients  Kx  and  Kv  by  the  obvious  relations: 


(8) 

(9) 


—  arctg  i 
Ki  =  -yj  Iix2  +  Ky2 


The  following  figures  give  a  general  idea  of  the  course  of  variation  of  the  empirical  functions 
Ki  and  /S  for  the  case  of  aerofoils  moving  in  air. 

Figure  44  gives  the  curves  of  K{  and  /3'  as  functions  of  the  angle  of  attack  i  for  a  flat  plate. 
The  empirical  function  K{  follows  very  nearly  a  linear  law  for  the  interval  of  small  values  of  the 
angle  of  attack.  The  ratio  AKJAi  is  larger  for  small  values  of  i  than  for  large  values  of  the  last. 
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For  increasing  values  of  the  angle  of  attack,  starting  from  zero  degrees,  /3'  at  first  increases 
very  rapidly,  but  afterwards  remains  very  nearly  equal  to  90°  for  10°<i<  170°. 

In  figure  45  is  represented  the  empirical  function  0  for  a  plano-convex  profile.  The  lino  in 
dots  in  that  figure  corresponds  to  the  flat  plate.  For  a  plano-convex  profile  the  angle  /S  rapidly 
reaches  the  value  zero  as  i  increases  from  zero;  afterwards  its  variation  is  small.  We  will 
designate  by  i'  the  value  of  the  angle  of  attack  for  which  /3  =  0.  This  angle  of  attack  i'  is  an 
important  characteristic  of  a  given  profile  in  relation  to  the  efficiency  which  can  be  expected 
from  such  a  profile  when  used  as  a  blade  section.  In  figure  46  is  represented  the  curve  of  K 
for  a  plano-convex  profile;  the  curve  in  dots  corresponds  to  the  flat  plate. 

For  most  aerofoil  profiles  the  empirical  functions  A*  and  0  have  the  same  course  of  varia¬ 
tion.  In  magnitude  the  fluid  resistance  R  follows  a  nearly  linear  law  for  small  values  of  the  angle 
of  attack;  for  larger  values  of  the  angle  of  attack  the  variations  of  R  are  more  moderate.  In 
orientation,  for  increasing  values  of  the  angle  of  attack,  the  line  of  action  of  the  fluid  resistance 
R  very  rapidly  rises  out  of  the  zero  plane  and  afterwards  remains  sensibly  normal  to  the  zero 
plane.  This  general  character  of  variation  of  the  fluid  resistance  in  magnitude  and  orientation 
is  of  first  importance  for  the  properties  of  blade  screws. 

The  fluid  resistance  R  of  an  aerofoil  is  the  consequence  of  very  complicated  hydrodynamical 
phenomena  which  take  place  in  the  fluid  around  the  aerofoil  and  whose  principal  character¬ 
istics  are: 

A.  Above  the  aerofoil  we  have  a  decrease  of  pressure;  bolow,  an  increase.  For  most 
aerofoils  the  decrease  of  pressuro  above  is  greater  than  the  increase  below;  so  that  the  larger 
part  of  the  fluid  resistance  is  duo  to  a  suction  on  the  upper  surface  of  the  aerofoil. 

B.  From  the  tips  of  an  aerofoil  run  off  vortices  called  tip  vortices. 

C.  Behind  the  aerofoil  the  flow  is  generally  not  steady,  but  periodical.  When  measuring 
the  fluid  resistance  of  an  aerofoil  disposed  in  the  wake  of  another  the  flow  in  the  wake  appears 
as  deflected  downwards. 

For  more  details  about  all  these  questions,  see  the  Author’s  “Introduction  to  the  Study 
of  the  Laws  of  Air  Resistance  of  Aerofoils.” 


NOTE  IV. 


GENERALIZATION  AND  GENERAL  DISCUSSION  OF  KUTTA’S  THEOREM  ON  CIRCULATION. 

The  circulation  theorem  discussed  in  the  present  note  was  first  indicated  for  a  particular 
case  by  W.  M.  Kutta.1  Soon  afterwards,  Kutta  2  and  Joukowski  3  recognized  the  generality 
of  the  theorem.  This  theorem  is  announced  as  follows: 

When  a  rectilinear  and  uniform  fluid  current ,  having  at  infinity  the  velocity  V,  flows  normally 
to  the  generatrix  of  an  infinite  cylinder  of  any  section ,  and  when  the  circulation  along  the  contour 
embracing  the  cylinder  and  situated  in  the  'plane  of  one  of  its  orthogonal  sections  has  a  finite  value 
I,  the  component  Rv  of  the  resultant  pressure  of  the  fluid  on  the  cylinder,  talcen  along  the  normal 
to  the  velocity  and  referred  to  the  unit  of  length  of  the  last  is  equal  to  the  product  of  the  velocity  V, 
the  circulation  1  and  the  density  8  of  the  fluid;  the  sense  from  Rv  to  V  is  coincident  with  the  sense 
of  the  circulation. 

According  to  this  theorem,  the  lift  experienced  per  unit  length  of  the  cylinder  ^expressed 
by  the  following  formula 

Ry  =  8VI 

We  shall  establish  two  fundamental  and  quite  general  relations  from  which  the  circulation 
theorem  will  appear  as  a  particular  case. 


Let  us  embrace  the  infinite  cylinder  considered  by  any  contour  disposed  in  the  plane  of 
one  of  its  orthogonal  sections.  Let  W  be  the  velocity  of  the  fluid  at  the  point  (x,  y)  of  the 
contour;  u  and  v  the  components  of  the  velocity  IT  along  the  axis  (see  fig.  47);  dx  and  dy  the 
projections  of  one  element  of  the  contour  on  the  axis.  Let  us  designate  by  X  and  Y  the  com¬ 
ponents  of  the  resultant  force  of  all  the  exterior  forces  applied  to  the  fluid  contained  in  the 
contour  considered,  and  let  us  apply  the  theorem  of  momentum  to  the  motion  of  thejportion 
of  the  fluid  considered.  We  thus  have 

(1)  Y  =  §vdm\  X  =  judm 

1  W.  M.  Kutta,  “Illustrirte  Aeronautische  Mitteilungen,”  1902. 

*  W.  M.  Kutta,  “  Sitzungsberichte  der  Koniglichen  Bayerischen  Academie  dcr  Wissenschaften,”  Munich,  1910  and  1911. 

*  N.  E.  Joukowski,  “  Geometrische  Untersuchungen  iiber  die  Kutta’sche  Striimung,”  Moskow,  1910, 1911.  See  also  his  course,  “  Aerodynamique, 
Paris,  1916,  p.  139. 
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the  integrals  being  taken  around  the  contour  and  dm  representing  the  fluid  mass  which  flows 
per  unit  of  time  through  one  element  of  the  contour  into  the  exterior  space.  Let  us  designate 
by  \p  the  current  function.  By  the  definition  of  that  function,  we  have 


(2) 

dm  =  8dip 

and  also 

(3) 

d\f/  =  udy  —  vdx  —  ^  d 

with 

dip 

(4) 

U~dy ;  " 

dip 


dx 


dx 


Substituting  in  the  first  of  the  equations,  (1),  the  value  of  dm  taken  from  equation  (2)  we  get 

(5 )  Y  =  f  Svdip  =  ( udy  —  vdx ) 

or,  identically, 

Y  =  Js  [v  ( udy  —  vdx)  +  u2dx  —  u2dx  ] 

=  jdu(udx  +  vdy)  -  j8(u2  +  v2)dx 

and  remarking  that 

(6)  udx+vdy  =  dl 


is  the  flow  dl  along  an  element  of  our  contour,  we  get 

(7)  Y  =  fdudl  —  Js  W2dx 

and  finally,  integrating  by  parts  the  first  term  of  the  second  member  of  that  relation,  we  get 

(8)  Y  =  \_8ul— Js/cTu]  —  Js  W2dx 

which  relation  holds  for  any  contour  and  constitutes  the  first  of  the  relations  we  wished  to  get. 
Applying  that  relation  (8)  to  a  contour  along  which 

v  =  0 ;  u  =  V  —  const 

we  easily  see  that  we  have 

(9)  f8ldu=  0;  f5W2dx  =  0 

and  consequently  Y  reduces  to 

(10)  '  Y  =  8VJ 


I  being  the  circulation  around  the  contour  in  the  direction  of  rotation  of  the  X  axis  into  the  Y 
axis. 

Following  the  same  method  with  the  second  of  the  equations  (1),  we  get 

(11)  X  =  jdud\J/  =  §8u(udy-vdx) 

—  J*5  (u2dy  —  uvdx  —  v2dy  +  v2dy 
=  Js  {u2  +  v2)dy  —  ( udx  +  vdy) 

(12)  X  =  Js  W2dy  —  Jdvdl 

(13)  X  =  f8W2dy- 


the  last  of  these  equations  constitutes  the  second  relation  we  wished. 
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Applying  this  last  relation  to  a  contour  along  which 

v  =  0  ;u  =  V  =  const 

we  easily  see  that  we  have 

(14)  X  =  0, 

all  three  of  the  terms  of  the  second  member  of  the  relation  (13)  being  equal  to  zero. 

Let  us  now  stop  to  note  the  exact  interpretation  of  the  relations  (10)  and  (14).  As  has  been  indi¬ 
cated,  Xand  Y  are  the  components  of  the  resultant  forces  of  all  the  exterior  forces  applied  to  the  fluid 
volume  contained  in  the  contour  considered.  These  forces  are:  first,  the  pressure  of  the  cylinder 
on  the  fluid,  which  are  equal  and  opposite  to  the  pressures  of  the  fluid  on  the  cylinder;  second, 
the  exterior  pressures  on  the  contour.  Let  us  consider  a  contour  on  which  v  =  0;  u=V= const, 
and  which  is  limited  in  one  sense  by  two  stream  lines  sufficiently  distant  from  the  cylinder  for 
them  to  be  parallel  to  the  X  axis,  and  in  the  other  sense  by  two  lines  perpendicular  to  these 
stream  lines.  Along  the  stream  lines  parallel  to  the  X  axis  we  can  consider  the  Bernouilli 
constant  as  being  effectively  constant  and  in  consequence  the  pressure  p  constant  and  equal 
to  the  exterior  pressure  p0,  the  velocity  V  being  constant.  Under  this  condition  the  component 
along  the  Y  axis  of  the  exterior  pressures  on  our  contour  will  be  zero,  and  Y  will  represent  the 
reversed  component  of  the  pressures  on  our  immersed  cylinder.  The  expression  (10)  is  conse¬ 
quently  equal  to  the  negative  lift  Rv  of  the  fluid  on  our  cylinder.  But  if  we  consider  a  stream 
line  which  flows  near  our  cylinder,  there  must  be  some  interior  losses  through  viscosity  along 
this  stream  line  because  each  immersed  body  gives  rise  to  drag.  The  Bernouilli  constant  along 
such  a  stream  line  must  necessarily  decrease,  and  when  we  reach  the  side  of  the  contour  parallel 
to  the  Y  axis  where  the  velocity  V  has  already  taken  its  original  value,  the  pressure  there  will 
not  take  its  original  value  p0,  the  Bernouilli  constant  having  decreased.  The  relation  (14) 
consequently  expresses  the  fact  that  the  component  along  the  X  axis  of  the  resultant  of  the 
exterior  pressures  on  our  contour  is  exactly  equal  to  the  drag,  and  this  holds  in  the  case  when 
the  sides  of  our  contour  are  moved  to  infinity.  In  the  last  case,  the  exterior  pressures  tend  to 
their  limiting  value  p0,  but  this  is  not  reached,  and  the  integral 

jpdy  =  Rx 

always  remains  exactly  equal  to  the  drag.  Kutta  and  Joukowski,  who  were  the  first  to  estab¬ 
lish  the  relations  (10)  and  (14),  have  limited  themselves  to  the  consideration  of  a  perfect  fluid. 
In  that  case,  having  no  interior  losses,  the  Bernouilli  constant  has  an  invariable  value  along 
any  stream  line,  and  relation  (14)  expresses  then  the  fact  that  the  drag  of  an  immersed  cylinder 
is  zero.  But  it  is  absolutely  unnecessary  to  limit  ourselves  to  the  perfect  fluid,  since  the  theorem 
of  momentum,  of  which  equations  (10)  and  (14)  are  direct  consequences,  is  applicable  what¬ 
ever  the  interior  forces  acting  on  the  system  considered  are. 

We  are  thus  brought  to  the  general  conclusion  that  for  any  contour  surrounding  an  im¬ 
mersed  cylinder  the  following  general  relations  must  hold: 

(15)  jpdx-Ry  =  f8v(udy-vdx)  =  fbudl- W2dx=  [bul— §bldu\  -  Js  W2dx 

(16)  /  pdy  —  =  J  8u(udy  —  vdx)  —  [<5  W2dy  —  fdvdl=  J<5  W2dy  —  [fry/—  \vldv~\ 

which  connect  the  lift  and  drag  of  the  cylinder,  referred  to  unit  length  of  the  last,  with  the  flow 
around  this  cylinder.  In  the  application  of  these  formulae,  three  particular  cases  have  to  be 
distinguished : 
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I.  The  formulae  are  applied  to  the  contour  of  the  cylinder  itself.  The  contour  of  the 
cylinder  being  a  stream  line  through  which  we  have  no  flow,  we  must  have 

Rv  =  Spdx;  Rx  =  Jpdy 

which  is  the  case  considered  in  classical  hydrodynamics. 

II.  The  formulae  are  applied  to  a  contour  which  consists  of  stream  lines  and  normal  lines 
(for  the  definition  of  these  lines  see  Note  II).  In  that  case  the  integrals  which  figure  in  the 
second  members  of  the  relations  (15)  and  (16)  have  to  be  calculated  only  along  the  normal 

lines. 

III.  The  Kutta  case 


hVl;  = 


NOTE  V. 

THE  GEOMETRY  OF  BLADE-SCREW  DRAWING. 


The  tracing  of  the  blade-screw  drawing  is  based  on  some  very  convenient  conventions, 
used  in  practice  for  a  long  time,  which,  however,  as  far  as  T  know,  have  never  been  stated 
exactly. 

For  the  tracing  of  a  drawing  of  a  blade-screw  a  reference  radius  has  first  to  be  chosen,  and 
on  this  several  guiding  points  are  taken  through  which  are  drawn  axes,  which  we  will  call 
guiding  axes,  parallel  to  the  screw  axis.  Through  the  guiding  axes  are  passed  planes  normal 
to  the  reference  radius,  which  we  will  call  sectional  planes.  The  plane  normal  to  the  screw 
axis  and  containing  the  reference  radius  will  be  called  the  plane  of  screw  rotation,  and  the  plane 
containing  the  screw  axis  and  the  reference  radius  will  be  called  the  meridional  plane .  In 
principle  the  reference  radius  may  be  chosen  arbitrarily— it  is  only  necessary  that  the  sectional 
planes  cut  the  screw  blade — but  it  is  convenient  for  all  the  guiding  axes  to  pierce  the  screw- 
blade  as  far  as  possible.  As  for  the  number  of  guiding  points,  it  is  sufficient  practically  to 
adopt  from  four  to  ten  of  them. 

The  drawing  of  a  blade  screw  may  be  established  either  by  plane  blade  sections  or  by 
cylindrical  blade  sections.  The  method  adopted  depends  upon  the  process  of  screw  manu¬ 
facturing  used.  For  some  blade  screws  the  difference  between  both  methods  of  screw  drawing 
is  negligible.  If  it  is  a  drawing  by  plane  blade  sections  that  we  wish  to  have,  it  is  the  blade 
section  by  the  sectional  planes  that  has  to  be  considered.  If  it  is  a  drawing  by  cylindrical 
sections  that  we  wish,  we  then  have  to  pass  cylindrical  surfaces,  having  for  axes  the  screw 
axis,  going  through  the  guiding  points  and  tangent  to  the  sectional  planes,  and  to  consider 
the  sections  of  the  blades  by  these  cylindrical  surfaces,  developed  in  the  sectional  planes.  All 
of  the  following  relates  to  both  methods  of  screw  drawing. 

Figure  48a  gives  a  general  view  of  a  screw  blade  whose  reference  radius  OR  is  supposed 
to  go  through  the  point  of  the  blade  farthest  from  the  screw  axis  and  is  entirely  contained  in 
the  lower  side  of  the  blade.  For  the  sake  of  clearness  in  the  drawing  only  the  guiding  points 
pt  and  p2  are  represented,  through  which  are  traced  the  guiding  axes  a,  ax'  and  a2  af.  The 
plane  blade  sections  are  designated  by  s,  s/  and  s2  sf,  and  the  cylindrical  blade  sections  by 
cx  and  c2  c2  .  It  is  assumed  for  simplicity  that  the  cylindrical  blade  sections  developed  in 
the  sectional  planes  coincide  with  the  plane  blade  sections.  Let  us  extend  the  chords  of  the 
blade  sections  considered  and  take  on  the  intersections  of  the  sectional  planes  and  the  screw 

rotation  plane  lengths  such  as  px  lx;  px  Z/;  p2l2;  p2l2  _ ,  respectively,  equal  to  rv  2  %rx, 

r2,  2irr2 _ ;  the  quantities  rx  and  r2  being  the  distances  of  the  guiding  points  from  the 

screw  axis.  The  chord  of  each  section  will  cut  off,  on  the  perpendiculars  to  the  screw  rotation 
plane  through  points  such  as  V  and  l,  lengths  respectively  equal  to  H  and  HfZir  designating 
by  H  the  constructive  pitch  of  the  sections  considered.1 

First  generation  of  the  screw  drawing.— The  sectional  planes,  containing  the  blade  sections, 
are  turned  through  an  angle  of  90°  around  the  guiding  axis  in  such  a  way  that  the  heights 

HJ2tt,  H.J2it,  etc.,  come  on  the  screw  axis.  The  sections  sx  sf;  s2  sf  . . will  take  the 

positions  tx  tf;  t2  tf  . . and  will  all  be  brought  into  the  meridional  plane.  In  figure 

1  When  a  guiding  axis  does  not  pierce  the  blade,  it  is  the  extension  of  the  chord  of  a  section  that  meets  that  axis;  it  is  from  this  last  point  that 
the  construction  indicated  above  has  to  be  made  in  order  to  find  the  pitch. 
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48a  it  has  been  assumed  that  we  have  to  do  with  a  blade  screw  of  constant  constructive  pitch, 

and  thus  HJ2t  =  HJ2tt  . .  In  such  away  is  obtained  the  screw  drawing,  represented 

on  figure  48b,  whose  geometrical  properties  are  evident.  Thus  when  we  go  from  the  sections 
of  the  blades  to  the  sections  on  the  screw  drawing  the  projections  a,  af;  a2  a2'  of  the  blades 
on  the  meridional  plane  remain  unchanged,  but  the  projections  of  these  same  blade  sections 
of  the  screw  on  the  screw  rotation  plane  are  turned  through  90°.  (See  fig.  48a.)  The  screw 
drawing  allows  one  to  see  at  once  all  the  blade  dimensions.  If  we  project,  on  the  screw  draw¬ 
ing,  each  section  on  the  corresponding  guiding  axis  we  will  get  the  projection  of  the  blade  on 
the  meridional  plane;  if  we  project  these  same  sections  on  the  reference  radius  and  turn  these 
projections  through  90°  we  will  get  the  projection  of  the  blade  on  the  screw  rotation  plane.  (See 
fig.  48d.) 

The  screw  drawing  is  generally  completed  by  conventional  representation  of  the  distribu¬ 
tion  of  the  maximum  blade  thickness  along  the  blade.  (See  fig.  48c.) 

By  aid  of  the  screw  drawing,  one  can  directly  obtain  the  templates  necessary  for  screw 
manufacturing.  It  is  sufficient  for  that  purpose  to  trace  on  the  screw  drawing  two  straight 
lines  parallel  to  the  reference  radius.  On  figure  48c  templates,  one  above  and  one  below, 
have  been  traced.  Ihe  templates  corresponding  to  one  blade  face  fixed  normally  to  a  board 
on  which  is  traced  the  projection  of  the  blade  on  the  screw  rotation  plane  will  give  a  space 
picture  of  the  blade  face  (See  fig.  48e.)  If  we  make  use  of  cylindrical  blade  sections,  the  tem¬ 
plates  have  first  to  be  bent  according  to  the  corresponding  radii. 

In  figure  49  is  represented  the  general  case  of  the  screw  drawing;  the  screw  blade  is  assumed 
to  have  a  general  curved-down  shape.  All  the  details  of  this  drawing  are  self-evident. 

Second  generation  of  the  screw  drawing. — Instead  of  rotating  the  sectional  planes,  we  can 
bring  them  to  coincide  by  a  translation  parallel  to  themselves,  effected  in  such  a  way  that 

the  bases  lv  l2.. ..  ..  of  the  height  HJ2v,  HJ2-K . described  in  the  screw  rotation  plane 

a  straight  line  going  through  the  screw  axis  and  inclined  at  45°  to  the  reference  radius  (See 
fig.  50.)  Ihis  construction,  as  well  as  the  foregoing,  gives  directly  the  connection  between 
the  blade  screw  and  the  screw  drawing.  In  figure  50  it  has  been  assumed  that  the  constructive 
pitches  of  the  different  sections  increase  from  boss  to  blade  tip. 


NOTE  VI. 

SOME  CRITICAL  REMARKS  ABOUT  THE  BLADE-SCREW  INTEGRAL  THEORY. 

As  has  already  been  mentioned  in  the  introduction  to  the  present  memoir,  the  general 
blade-screw  theory  can  only  be  an  integral  theory.  In  the  present  note  I  will  give  the  general 
outlines  of  the  blade-screw  integral  theory.  This  will  allow  one  to  judge  better  the  blade- 
screw  differential  theory  developed  in  the  actual  memoir. 

In  its  most  general  form  the  blade-screw  problem  can  be  stated  as  follows:  Let  us  con¬ 
sider  a  blade  screw  rotating  in  a  fluid  with  an  angular  velocity  ft  around  its  axis  and  advancing 
with  a  speed  V  along  that  axis,  and  let  us  suppose,  for  one  moment,  our  blade-screw  problem 
to  be  fully  solved;  that  is,  let  us  assume  that  we  know  the  exact  distribution  of  the  partial 
thrust  A Q  and  the  partial  torque  AC  along  the  screw  blades.  Two  sides  of  the  problem  have 
to  be  distinguished.  First  of  all,  knowing  AQ  and  AC  as  functions  of  r  we  have  to  find  the 
exact  flow  around  the  blade  screw.  This  will  be  the  hydrodynamical  part  of  the  problem. 
Afterwards,  having  found  the  flow  and  thus  knowing  exactly  the  stream  running  on  the  screw 
blades,  we  can  seek  for  the  dimensions  and  shape  which  have  to  be  given  to  the  blades,  so  that 
they  realize  the  assumed  system  of  partial  thrust  AQ  and  partial  torque  AC.  This  is  the  tech¬ 
nical  part  of  the  problem.  When  the  assumed  system  of  AQ  and  AC' lie  in  a  practically  possible 
range,  and  when  we  know  the  flow  around  the  screw,  it  is  always  possible  to  give  to  its  blades 
such  size  and  shape  that,  for  example,  the  assumed  AQ  will  be  realized,  but  the  A  <7  necessary 
to  produce  the  assumed  AQ  can  come  out  different  frum  the  assumed  values.  All  depends 
upon  the  losses  which  will  take  place.  Under  such  conditions  we  will  be  brought  to  modify 
the  first  assumed  system  of  AC,  recalculate  the  flow  and  introduce  changes  in  the  size  and 
shape  of  the  blades,  and  so  step  by  step  approach  nearer  to  the  conditions  of  the  problem. 
In  this  way,  by  a  successive  determination  of  the  flow  and  calculation  of  the  size  and  shape 
of  the  screw  blades,  redetermination  of  the  flow  and  recalculation  of  the  blades,  we  can  reach 
an  agreement  between  the  hydrodynamical  and  technical  parts  of  the  blade-screw  problem. 
The  foregoing  constitutes  the  most  general  statement  of  the  blade-screw  problem. 

Let  us  consider  the  hydrodynamical  part  of  the  problem.  We  will  make  only  two  as¬ 
sumptions:  We  will  neglect  the  periodicity  of  the  velocities  in  the  slip  stream  and  neglect  the 
interior  losses  between  the  sections  S0S0,  SS  and  S' S',  S"S" .  These  losses  are  very  small  in 
comparison  with  the  other  losses  which  occur  in  blade-screw  working;  and  corrections  for  the 
periodicity  of  the  slip  stream  velocities  can  always  be  introduced  post  factum.  After  the  de¬ 
tailed  explanations  which  were  given  in  the  first  chapter  of  this  memoir,  I  will  allow  myself 
to  be  very  brief  in  the  following  statement  of  the  general  scheme  of  the  most  general  blade- 
screw  theory: 

Condition  of  flow  continuitv  in  the  slip  stream 

A M  =  8 AS ( V- +  v)  -  5 AS‘ " ( V + v " ) 

AS  F+  v"  _  rdr 
AS"  ~  V+v  ~ r"dr " 

Al=A  Mr 2  =  5A  S  ( V  +  v)r 2 
Al=  AMr"*  =  5AS(  V+  v)r“* 
and 


(1) 

From  which  follows 
(2) 

We  also  have 

(3) 

(4) 
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The  theorems  of  momentum  and  moments  of  momentum  applied  to  the  slip  stream  lead 
to  the  relations 

(6)  Q  =  2AMv"~  2  AS  "  (p0-p")  =  F 

(7)  (7=  2A7  V  =  2A/a>'  =  Ct 
and  also 

(8)  A Q  =  A Mv"  -  AS"  (p0  -  p") 

(9)  AG=  Al'a)*  =  Alu' 
so  that 

(10)  Q  =  *2AQ;  C—  2 AC 
and  we  also  have 


(11) 


A  AQ  , 

AP~^S~P-P 


In  the  limiting  case  the  sections  SS  and  S'S'  are  considered  to  be  very  close  together. 

According  to  Note  II,  the  pressure  distribution  in  the  section  S"S"  is  given  by  the  rela¬ 
tions 


(12) 

(13) 

(14) 


p"  =  p"c  +  8  Ja"2r"dr 
p0  —  p"c  +  8  Jo)"2r"dr'J 
p0  —  p"  c  =  8  dr" 


where  p"c  is  the  pressure  in  the  center  of  the  section  S"S"  and  R"  the  radius  of  that  section. 

Let  us  apply  the  Bernouilli  theorem  to  one  stream  line  of  the  slip  stream.  In  the  in¬ 
draught  the  Bernouilli  constant,  which  we  will  designate  by  B,  has  the  value 

as)  b=p°+it 

When  we  cross  the  area  swept  by  the  blades  of  the  screw  the  Bernouilli  constant  undergoes 
an  increase  equal  to 

(16)  AB  =  Ap  +  S-^ 


so  that  in  the  outdraught  the  Bernouilli  constant  has  for  its  value 
(17) 


,  5F’  ,  AQ  ,  8rW* 
B  +  AB=.p0+^-  +  J  +  ~2- 


Consequently  for  the  section  S"S"  we  must  have 

5F2  ,  8rW2  ,  ,/Ty  ,  N  ,  AS" ,  mx  „  .  5(F+v*)3  8r'V2 
-  +  —2~  +  8(V+v)v  (Vo~V  )=V  2 — L  +  ~2~ 


(18) 


B  +  AB  =  p0  + ■ 


or,  after  self-evident  simplifications, 

(19)  -  (p.-y*)(  1  -  A^) 

This  last  relation  is  the  fundamental  characteristic  equation  of  the  flow  in  the  slip  stream  of  a 
blade  screw. 

In  the  hydrodynamical  part  of  the  blade-screw  problem  the  fundamental  variable  is  r 

0 

The  data  given  are  the  functions  AQ  and  AC.  The  unknown  functions,  which  have  to  be  found 
as  functions  of  r,  are 

(20)  r\  p\  v,  v* 
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This  makes  six  unknown  functions,  for  the  determination  of  which  we  have  the  six  equations 

8r 2co' 


(19) 

(21) 

(22) 

(23) 

(24) 

(25) 


8v"(v  ~ t)  ! = (a//  “  "'>  ~  ~ 


A  S"\ 
AS  ) 


V 


"2r"  dr1 


AC 


CO 


5(F+v)AS'r2 
,  r2 


co"  =  co-p-2 


A  Q 


AS" 


&S  =  A  V  =  8(V+  v)v"  -  (p0  -p") 

V+  v"  rdr 


V  +  v  ~~r"dr" 

with  AS  =  2irrdr  and  AS"  =  2-k r" dr" 

The  foregoing  system  constitutes  the  fundamental  system  of  equations  which  fully  deter¬ 
mines  the  flow  around  the  blade  screw  in  the  most  general  case.  Owing  to  the  integral  rela¬ 
tion  (21),  the  solution  of  this  system  of  equations  can  be  found  only  by  a  method  of  successive 
approximations,  and  thus  is  very  laborious.  Under  such  conditions  it  is  natural  to  seek  for  some 
assumptions,  which  being  very  close  to  the  real  conditions,  could  simplify  the  foregoing  system 
of  equations.  For  that  purpose  let  us  discuss  the  variation  of  the  second  member  of  the  equa¬ 
tion  (19),  which  we  will  designate  by  G. 


(26)  ~  -  2 
For  the  tips  of  the  blades  we  have 

and  consequently 
(27) 

but  as  o>"  >  co',  wre  will  have 


(«'-«') -(Po-P')  1 


")(l 


A  S"\ 
AS  ) 


r"  =  R"  and  p"  =  p0 


G  >  0  and  v"  <  2v 

r"  ^  0;  p"  —p"c 


(28) 

For  the  boss  we  have 

and  thus 

(29) 

and  consequently 

(30)  G<0  and  v"  >2v 

Thus  G  is  positive  at  the  tips  and  negative  at  the  boss.  Consequently,  between  tips  and  boss 
there  must  necessarily  exist  a  blade  section  for  which  6r  =  0  and  consequently  rigorously 

(31)  v"  =2v 

On  the  other  hand,  it  is  easy  to  see  that  starting  from  the  blades  sections  where  v"  =2v 
the  quantity  G  increases  generally  in  magnitude  to  tips  and  to  boss.  But  at  tips  and  boss  G 
is  still  a  small  quantity.  In  fact,  at  the  tips  G  =  %8r2 0/(0/' -a/),  but  as  co'  has  generally  a  small 
value  and  the  difference  (co"-co')  is  negligible,  so  far  as  the  radial  velocities  can  be  neglected, 
G  comes  out  to  be  small.  At  the  boss  G=  -  (p0-p"c)  (1  -  AS" /AS),  but  the  pressure  dif¬ 
ference  (p0  —  p"c)  being  generally  negligible,  owing  to  the  fact  that  co"  is  small,  and  (1  —  AS" /AS) 
is  in  magnitude  smaller  than  the  unity,  G  at  the  boss  is  also  small. 
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Thus  it  is  at  boss  and  tips  that  the  difference  between  v"  and  2v  reaches  in  magnitude  its 
biggest  values,  but  still  here  this  difference  is  small. 

We  are  thus  brought  to  the  conclusion  that  in  the  most  general  case  the  flow  in  the  slip 
stream  is  such  that  very  nearly 
(31)  v"=2v 

for  the  whole  cross  section  of  the  slip  stream.  This  last  relation  expresses  the  fact  that  the 
rotation  of  the  fluid  in  the  slip  stream  has  only  a  very  slight  influence  on  the  translatory  motion 
of  the  same. 

After  we  have  convinced  ourselves  that  the  relation  (31)  holds,  it  is  easy  to  see  that  to  a 
good  approximation  the  flow  conditions  come  out  to  be  similar  in  the  section  SS  and  S"S". 
This  fact  is  a  direct  consequence  of  the  relation  (31)  for  a  blade  screw  working  at  a  fixed  point; 
in  other  cases  for  the  similarity  of  flow  conditions  it  is  only  necessary  for  v  to  be  small  relative 
to  V  or  to  have  its  variations  small  along  the  slip  stream  cross  section,  as  has  been  shown  in  the 
first  chapter  of  this  memoir.  We  thus  can  consider,  remaining  still  close  to  real  conditions,  that 
/oox  AS  V+v "  rdr  r2  A  /  u>" 

{6Z)  AS" ~ ~V+v  ~r"dr" 


and  consequently 
(33) 


dr  _r 
dP~r" 


or  r"  =  cr 


where  c  is  a  constant. 

It  will  now  be  easy  to  see  from  the  relation  (26)  that  the  condition  G  =  0  for  any  value  of  r 
between  r  ^  0  to  r  =  Df  2  can  only  be  satisfied  with 

(34)  a/  =  co"  and  p"  =  p0 


for  the  whole  cross  section  of  the  slip  stream. 

We  are  thus  naturally  brought  to  the  hypothesis  made  in  the  first  chapter  of  this  memoir. 

To  evaluate,  however,  the  influence  that  the  pressure  difference  in  the  section  S"S "  can 
have  on  the  blade-screw  working,  one  can  proceed  as  follows:  As  co"  is  generally  a  small  quan¬ 
tity,  let  us  neglect  its  variation  along  the  slip  stream  cross  section.  Under  such  conditions, 
from  the  relation  (14)  we  will  find 


Po~P"=& 


w"2(£"2_r'/2) 

2 


or 


,  r"2o>"2  /  R" 2  \ 

p0-pu  =  i>~- g  V7^“  V 


2  \  r' 

and  on  account  of  the  relations  (32)  and  (33) 

/q  j.  \  „  .  rVa  AS  (B2  \ 

(35)  p0  p  -8  2  A^// (^4r2 

The  equations  (8)  and  (9)  can  thus  be  written 


(36) 


AQ  =  SAS ( V  +  v)v"  -  l, AS  (^  -  1 


) 


(37) 


A  (7=  8AS  ( V  4-  v)rW 


Comparing  now,  as  in  the  first  chapter,  these  last  values  of  A Q  and  AC  with  those  obtained 
by  the  direct  consideration  of  the  action  of  the  stream  on  the  screw  blades,  that  is,  bringing  the 
hydrodynamical  part  of  the  blade-screw  problem  into  agreement  with  the  technical  part,  we  find 

8 AS  ( V  -f  v)v"  —  8 AS  2  (  ^2 —  1  )  =  n1c{8AA  W2  cos  (<p  +  /3) 

8 AS ( U+ v)r2u'  =  nrlcfiAA  ll72  sin  ( <p  -f-  /3) 
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Proceeding  now  with  these  equations  exactly  as  was  indicated  in  the  first  chapter,  we  will  finally 
find 


v 


rV2 


/ D 2 


V+v  4(  F+'v)2  ^p2 


0 


az 


(38) 

(39) 

These  last  equations  are  fully  similar  to  the  equations  (46)  and  (47)  of  Chapter  I,  and  only  con¬ 
tain  the  complementary  term 


no'  no"  _  no" 

2(V+v )  ~aZ  tg  +  2(V+v")~2(V  +  2v) 


4m^y(^~1)=aV  tgI 


which  expresses  the  influence  of  the  decrease  of  pressure  in  the  section  S"S"  produced  by  the 
rotation  of  the  fluid  in  the  slip  stream.  But  as  this  complementary  term  appears  to  be  of  second 
order  compared  with  aztgfo  +  P),  which  is  a  very  small  quantity  in  most  blade-screw  applica¬ 
tions,  it  comes  out  to  be  negligible. 

We  are  thus  brought  to  the  conclusion  that,  from  the  most  general  standpoint,  the  only 
system  of  equations  for  the  blade  screw  which  can  be  reasonably  adopted  is  the  one  established 
in  the  first  chapter  of  this  memoir. 

The  following  has  still  to  be  noted.  As  far  as  the  race  velocity  a  is  concerned,  exactly 
speaking  we  have 

(41) 


In  fact,  by  its  definition  uAC  is  the  work  communicated  in  a  unit  of  time  to  the  fluid  by  the 
blade  element  considered,  in  its  rotational  motion.  And  this  work  must  be  equal  to  the  corre¬ 
sponding  rotational  kinetic  energy  of  the  fluid;  that  is,  coA C=\  Aim'1  because  the  corresponding 
work  vAQ  of  the  thrust  has  its  equivalent  in  the  increase  of  pressure  Ap  produced,  when  cross¬ 
ing  the  area  swept  by  the  screw  blades.  But  as  AC=  A/co'  we  have 

u;A  0  —  coco'  A!  —  IrA/co'2 


and  thus 


But  when  the  radial  velocities  are  neglected  we  have  co"  =  o>' ,  and  consequently 


(42) 


This  gives  for  w  a  slightly  increased  value. 

When  we  neglect  the  decrease  of  pressure  in  the  section  S''S" ,  this  brings  with  it  a  slightly 
increased  value  for  A Q,  but  when  simultaneously  we  use  for  <o  the  value  (42)  we  obtain  a  certain 
correction  of  the  neglect  of  the  decrease  of  pressure,  because  a  slightly  greater  value  of  co  de¬ 
creases  slightly  the  angle  of  attack  i,  and  thus  decreases  slightly  A Q.  Under  the  hypothesis 
made  the  value  (42)  has  also  to  be  adopted  for  co,  in  order  to  have  a  correct  energy  balance, 
because  when  the  decrease  of  pressure  in  section  S"S "  is  neglected  and  thus  the  translational 
motion  in  the  slip  stream  considered  independent  of  its  rotational  motion  we  have 

vAQ,  =  \AMv"2 

and  consequently  we  have  to  take 

0)AO=  $A/"co"2 


that  is,  co"  =2oo.  All  these  last  remarks  concern  only  differences  of  second  order. 

The  foregoing  critical  discussion  of  the  blade-screw  problem,  from  the  most  general  stand¬ 
point,  shows  us  the  value  of  the  system  of  equations  established  in  the  first  chapter  of  this 
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memoir.  On  the  other  hand,  how  convenient  this  system  of  equations  is  in  its  practical  use 
follows  in  full  evidence  from  the  results  obtained  in  the  present  memoir. 

I  will  also  remark  that  from  a  piactical  standpoint  the  square  of  az  can  be  neglected  in 
many  of  the  formulae  of  the  actual  memoir. 

I  will  finally  give  a  numerical  evaluation  of  the  magnitude  of  the  departure  from  unity 
that  the  ratio  2v/v"  can  reach. 

Introducing,  in  a  first  approximation,  the  value  (35)  of  the  difference  of  pressure  (p0  —  p") 
in  the  relation  (19),  we  get 


8v" 


SrV2 

2 


5r2 a/2  /  A S 
~2  \AS" 


and,  taking  into  account  the  relations  (32)  and  (33),  we  find 


(43) 


2v  „  D2-'2 


V 


-1=- 


v 


60 

»2 


(1  ~f)  ^ 


2 


r2 

D • 


with 


£= 


DW2 


v 


//2 


(1-c2) 

s*2 


To  find  the  order  of  magnitude  of  the  ratio  1 7W2/v"2  we  will  use  equations  (48)  and  (49)  from 
Chapter  I.  Dividing  (49)  by  (48),  we  find 

772./2  7)2.  .2 

-  4  ( 1  +  asy 2  tg2  (*  +  i8) 


Remembering  that  H  =  2rrtg(p  and  considering  fi~0,  we  get 

DV2  4(1  +  az)2H2 
v "2  —  7 r2Z>2 


Concerning  the  ratio  (1  —  c2)/c2,  we  have  (1  —  c2)/c2^0,05  when  advancing  and  (1  —  c2)/c2=U  at 
a  fixed  point,  so  that  the  quantity  E  comes  out  to  be  of  the  following  order  of  magnitude:  For 
a  propulsive  screw  with  az^ 0,1;  H/D^0,75  and  (1  —  c2)/c2^0,05  we  find 

£=*0,01 

For  a  helicopter  or  lifting  screw  we  have  az  —  1;  (1  —  c2)/c2^l  but  necessarily  HfD  small.  If 
we  take  ///D=0,3  we  find 

£=^0,1 

The  quantity  £  reaches  its  greatest  value  for  a  propulsive  screw  working  at  a  fixed  point.  With 
az~  1 ;  H/D^ 0,75;  (1  — c2)/c2sU.  We  find 

£=*0,8 

Using  the  second  of  these  last  values  we  get 

1+0,1  (2- -0,25) 


For  r  =  0  and  r=Z>/2  we  find  2v/v"^0,97o  and  2v/v"~l,Q2o]  for  values  of  r  between  r  =  0  and 
r=D/ 2  the  departure  of  2 v/v"  from  unity  is  still  less;  for  rjD^ 0,354  we  have  2v/v"  =  1. 

The  departure  of  2v/v "  from  unity  thus  does  not  generally  reach  3  p.  c.  (and  this  only  at 
boss  and  blade  tips),  and  is  consequently  fully  negligible.  For  a  propulsive  screw  when  ad¬ 
vancing  with  £^0,01,  it  is  absolutely  negligible.  Only  for  a  propulsive  screw  working  at  a 
fixed  point  it  may  reach,  at  tips  and  boss  only,  20  p.  c.,  which  is  still  negligible  in  a  first  approx¬ 
imation.  We  thus  see  in  full  evidence  that  the  relation 

v"  -  2v 

although  being  in  the  general  case  only  an  approximate  law,  constitutes,  however,  a  remark¬ 
able  approximation. 


George  de  Both ez at. 


0,2 


— S.  Doc.  307,  63—3. 


INCIDENCE  NOMOGRAM. 

To  be  used  in  connection  with  the  propeller  theory  of  George  de  Bothezat. 

Copies  of  this  Nomogram  can  be  obtained  from  the  National  Advisory  Committee  for  Aeronautical  Washington,  D.  C. 


167080 


(To  face  page  260.)  No.  1. 


_v_ 

tCI 


1 


INCIDENCE  NOMOGRAM. 

To  be  used  in  connection  with  the  propeller  theory  of  George  de  Bothezat. 

Copies  of  this  Nomogram  can  be  obtained  from  the  National  Advisory  Committee  for  Aeronautics,  Washington,  D.  C. 


167080- — S.  Doc.  307,  6o-3. 


(To  face  page  260.)  No.  1. 


az 


=j — 0,4 

E" 

1,0  —  = 

=  0,3 

— =; 

~0,2 

o,5  — E; 

0,4 

0,3  —  E 

=  ~*0,1 

E-  0,09 

0,2 

E-  0,08 

•  — 

r 

O 

o 

0,15  -E 

--  Ope 

— 

=  -  Op  5 

0,1  -  = 

0,09  -  = 

=  -  0,04 

0,08  -- 

0,07  -E 

--  0,03 

0,06  “3 

0,05  -- 

- 

0,04 

0,02 

INCIDENCE  NOMOGRAM. 


167080— S.  Doc. ‘307,  65-3. 


To  be  used  in  connection  with  the  propeller  theory  of  George  de  Bothezat. 


(To  face  page  260.)  No.  2. 


Copies  of  this  Nomogram  can  be  obtained  from  the  National  Advisory  Committee  for  Aeronautics,  Washington,  D.  C. 


REPORT  No.  30. 


EXPERIMENTAL  RESEARCH  ON  AIR  PROPELLERS,  II. 

By  William  F.  Durand  and  E.  P.  Lesley. 


INTRODUCTION. 

The  purpose  of  the  experimental  investigation  on  the  performance  of  air  propellers  de¬ 
scribed  in  the  following  report  was,  in  brief,  the  extension  of  the  field  covered  by  the  investiga¬ 
tion  of  1917  and  described  in  Report  No.  14  of  the  Third  Annual  Report  of  the  National  Advisory 
Committee  for  Aeronautics,  1917. 

The  investigation  was  divided  into  five  parts,  as  follows: 

(I)  Tests  under  conditions  of  flight  on  16  model  propellers  of  different  forms,  sections,  or 
pitch  ratios  from  those  of  Report  No.  14. 

(II)  Tests  under  conditions  of  flight  on  one  model  propeller  of  variable  pitch. 

(III)  Tests  under  conditions  of  flight  on  three  sets  of  right  and  left  hand  model  propellers 
in  series. 

(IV)  Tests  on  12  model  propellers  to  determine  brake  effect  or  negative  thrust  at  negative 

slip. 

(V)  Standing  thrust  and  power  tests  of  67  model  propellers. 

The  above  program  was  prepared  by  Dr.  W.  F.  Durand,  chairman  of  the  National  Advisory 
Committee  for  Aeronautics.  The  entire  investigation  was  carried  on  during  the  summer  and 
fall  of  1918  in  the  aerodynamic  laboratory  at  Stanford  University,  under  the  direction  of  Prof. 
E.  P.  Lesley,  who  is  author  of  the  report  in  its  present  form.  Prof.  H.  C.  Moreno,  of  Stanford 
University,  rendered  valuable  assistance  in  the  experimental  work  and  reduction  of  data.  Dr. 
Durand  was  called  to  Europe  in  January.  1918,  and  was  therefore  unable  to  give  personal  atten¬ 
tion  to  the  tests  and  preparation  of  the  report. 

The  Stanford  University  aerodynamic  laboratory  and  its  equipment  are  fully  described  in 
Report  No.  14,  previously  mentioned.  Except  in  details  which  are  hereafter  described,  the 
method  of  observation  and  reduction  of  data  used  in  this  present  report  was  the  same  as  that 
previously  adopted. 

I.  TESTS  ON  16  MODEL  PROPELLERS. 

The  propellers  chosen  for  this  part  of  the  investigation  are  shown  in  the  accompanying 
figure  1.  They  involve  six  additional  forms  (F3,  F4,  Fs,  F„,  F7,  and  F8),  one  additional  type 
section  (S3)  and  one  additional  pitch  ratio  (1.1). 

The  characteristics  of  the  six  additional  forms  are  shown  in  the  accompanying  figures  2,  3, 
and  4.  It  may  be  noted  that  F3  is  similar  to  F2  of  Report  No.  14,  the  curved  center  line  being 
of  the  same  shape  but  being  set  back  in  the  direction  opposite  to  rotation  0.55  inch.  In  F4 
the  center  line  is  curved  in  the  opposite  direction  from  that  of  F3,  making  the  leading  edge 
instead  of  the  following  edge  straight.  In  Fs  the  curved  center  line  is  set  back  1.1  inches,  and 
F6  is  similar  except  that  the  center  line  is  curved  in  the  opposite  direction.  F7  has  a  radial 
leading  edge,  while  Fg  has  a  radial  following  edge. 

The  additional  type  sections  (S3)  are  shown  in  figures  5,  6,  7,  and  8.  This  section  has  one- 
half  the  camber  on  the  driving  face  of  S2  of  Report  No.  14.  Sections  (St)  of  F3;  F4,  F6,  and 
F„  are  the  same  as  for  F2,  Alf  S7  (fig.  20  of  Report  No.  14).  Figure  9  shows  sections  for  F7 
and  F,.  The  various  characteristics  of  the  16  models  are  shown  in  the  following  Table  I. 
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Table  I. — Characteristics  of  model  propellers. 


No. 

Diame¬ 

ter. 

Nominal 

pitch. 

Nominal 

pitch 

ratio. 

Dynamic 

pitch. 

Dynamic 

pitch 

ratio. 

Mean 

blade 

width. 

Area 

symbol 

A. 

Shape  of 
blade 
form 
symbol. 

Blade 

sec¬ 

tion 

symbol. 

80 . 

Inches. 

36 

Inches. 

39.6 

1.1 

Inches. 

50.9 

1.414 

.  15r 

A, 

F, 

s, 

36 

39.6 

1.1 

48.4 

1.343 

.  20r 

A, 

F, 

Si 

82 . 

36 

39.6 

1.1 

50.7 

1.409 

.  15r 

A, 

Fj 

s, 

83 . 

36 

39.6 

1.1 

47.2 

1.312 

.20r 

a2 

F, 

8, 

36 

25.2 

.7 

33.8 

.938 

.  15r 

A, 

F3 

s, 

85 . 

36 

25.2 

.7 

34.5 

.958 

.  15r 

A, 

F< 

Si 

80 . 

36 

25.2 

.7 

33.1 

.918 

.15r 

A, 

F& 

Si 

87 . 

36 

25.2 

.7 

34.6 

.959 

.  15r 

A, 

F, 

s, 

88 . 

36 

25.2 

.7 

35.4 

.983 

.  135r 

A* 

f7 

Si 

89 . 

36 

25.2 

.7 

35.2 

.976 

.  135r 

As 

f8 

S, 

90 . 

36 

18.0 

.5 

26.5 

.737 

.  15r 

Ai 

F. 

S, 

36 

18.0 

.5 

23.9 

.664 

.  20r 

A, 

F, 

s3 

92 . 

36 

25.2 

.7 

34.8 

.966 

.  15r 

A, 

Fj 

S3 

93 . 

36 

25.2 

.7 

31.3 

.870 

.  20r 

a2 

F. 

S3 

94 . 

36 

32.4 

.9 

42.8 

1.190 

.  15r 

A, 

Fj 

St 

95 . 

36 

32.4 

.9 

39.9 

1.109 

.  20r 

a2 

f2 

s, 

The  dimensions  of  the  propeller  sections  are  given  in  the  following  Table  II  and  figure  10: 

Table  II. — Dimensions  of  propeller  sections. 

-  [See  figure  10.] 


Form,  area,  and  section  symbols. 

Radius  of 
section. 

A  B. 

A  E. 

AC 

B  D. 

E  S. 

E  H. 

E  M. 

R  S. 

0 

Inches. 

Inches. 

Inches. 

Inches. 

Inches. 

Inches. 

Inches. 

Inches. 

O 

4 

2.45 

0.90 

0. 05 

0. 70 

1.19 

78 

7 

2.70 

.90 

.05 

.60 

1.01 

0. 083 

69 

10 

2. 70 

.  90 

.05 

.50 

.84 

.083 

60 

13 

2.70 

.90 

.05 

.40 

.66 

.066 

51 

16 

2.70 

.90 

.05 

.30 

.49 

.050 

42 

4 

3. 27 

1.20 

.05 

.70 

1. 19 

78 

7 

3.60 

1.20 

.05 

.60 

1.01 

.083 

69 

10 

3.60 

1.20 

.05 

.50 

.84 

.083 

60 

13 

3.60 

1. 20 

.05 

.40 

.66 

.066 

51 

16 

3.60 

1.20 

.05 

.30 

.49 

.050 

42 

4 

3.00 

1.00 

.05 

.70 

1.19 

78 

7 

3. 22 

1.07 

.05 

.60 

1.01 

.083 

69 

A  ]S8 . 

10 

3.14 

1.05 

.  05 

.50 

.84 

.083 

60 

13 

2.68 

.89 

.05 

.40 

.66 

.066 

51 

16 

1.90 

..63 

.05 

.30 

.49 

.050 

42 

4 

4.00 

1.33 

.05 

.70 

1.19 

78 

7 

4.30 

1.43 

.05 

.60 

1.01 

.083 

69 

10 

4. 18 

1.39 

.05 

.50 

.84 

-083 

60 

13 

2. 58 

1.19 

.05 

.40 

.66 

.066 

51 

16 

2.54 

.85 

.05 

O 

CO 

.49 

.050 

42 

4 

2. 34 

.78 

.05 

.70 

1.19 

0.12 

78 

7 

2.39 

.80 

.05 

.60 

1.01 

69 

10 

2.94 

.98 

.05 

.  50 

.84 

60 

13 

3.02 

1.01 

.05 

.40 

.66 

51 

16 

2.05 

.68 

.05 

.30 

.30 

62 

Construction  of  models. — The  model  propellers  were  carved  from  single  sticks  of  Pacific 
coast  sugar  pine  ( Pinus  Lambertaina )  in  the  manner  described  in  Report  No.  14.  Further  tests 
and  measurements  of  the  models  constructed  in  1917  show  that,  if  thoroughly  seasoned  and 
properly  protected  by  varnish,  this  wood  is  well  adapted  to  the  purpose. 

Method  of  conducting  tests. — The  tests  were  conducted  in  the  same  manner  as  those  of  1917, 
except  in  the  following  particulars: 

Wind  velocity. — In  the  earlier  investigation  the  wind  velocity,  except  for  the  action  of  the 
model,  was  constant  throughout  a  test.  Two  or  more  velocities  were  used,  the  data  for  very 
high  slip  being  obtained  at  the  lower  velocity. 

Although  experiment  showed  that  the  thrust  and  torque  reduced  to  coefficients  were,  at 
constant  slip,  independent  of  velocity;  it  was  thought  advisable  to  use  velocities  as  high  as 
practicable,  particularly  at  low  slips,  in  order  that  the  quantities  observed  might  be  large  and 
thus  the  percentage  of  error  reduced. 

Accordingly  tests  herein  described  were  started  with  a  velocity  of  about  50  miles  (80  km.) 
per  hour.  The  model  propeller  was  brought  to  a  rotative  speed  that  produced  practically  no 
thrust  and  observations  were  made.  The  rotative  speed  was  then  increased  slightly  and  another 
set  of  observations  taken.  This  was  continued  until  the  limit  of  power  for  the  driving  motor 
was  reached.  The  wind  speed  was  then  reduced  by  small  amounts  and  observations  made  until 
the  desired  range  of  slip  was  covered. 
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Fig.  3. 
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Torque. — In  1917  it  was  determined  that,  after  running  15  to  20  minutes,  the  torque  moment 
of  the  apparatus  was  practically  constant  and  independent  of  speed.  The  practice  was  therefore 
to  observe  the  torque  zero  at  the  beginning  and  end  of  a  test  in  which  from  10  to  20  observations 
occupying  about  one  minute  each  were  made. 

Tests  at  the  beginning  of  this  present  investigation  showed  that  while  the  torque  zero  was 
practically  independent  of  speed  there  was  a  slight  variation  with  time  which  was  not  uniformt 
The  following  practice  was  therefore  adopted.  The  driving  motor  was  started  and  allowed  to 
run  until  practically  a  constant  torque  zero  was  observed.  The  model  was  then  put  in  position 
and  the  usual  observations  made.  The  model  was  then  removed  and  an  observation  of  torque 
zero  made  at  the  same  number  of  revolutions. 

The  discovery  of  slight  variation  in  the  torque  zero  led  to  the  suspicion  that  efficiencies 
determined  for  the  51  propellers  of  Report  No.  14  might  be  inaccurate  at  the  lower  slips  (the 
vicinity  of  the  maximum  efficiency).  Consequently  all  of  these  propellers  were  retested  by  the 
improved  method.  It  was  thus  learned  that  in  some  cases,  particularly  for  propellers  of  the 
higher  pitch  ratio,  the  maximum  efficiency  previously  determined  was  from  1  to  3  per  cent  in 
error.  The  following  Table  III  shows  for  propellers  1  to  51,  Report  No.  14,  the  value  of  effi- 

V 

ciencies  for  various  values  of  p  as  determined  by  tests  during  1918. 


Table  III. — Efficiency  of  propellers  No.  1  to  51. 


Propeller  No. 


V 

ND 


.20 

.30 

.40 

.45 

.50 

.55 

.60 

.65 

.70 

.75 

.80 

.85 

.90 

.95 

1.0 

1 . 

0.341 

0.481 

0.590 

0.630 

0.670 

0.  703 

0. 730 

0.  752 

0.  769 

0.780 

0. 786 

0. 786 

0. 780 

0. 760 

0. 726 

2 . 

.330 

.465 

.583 

.620 

.660 

.095 

.725 

.749 

.765 

.776 

.781 

.779 

.758 

.717 

.650 

3 . 

.354 

.489 

.595 

.636 

.675 

.708 

.736 

.760 

.780 

.796 

.806 

.810 

.804 

.786 

.751 

4 . 

.342 

.475 

.580 

.622 

.662 

.695 

.725 

.750 

.770 

.783 

.787 

.781 

.760 

.710 

.613 

5. .. 

.372 

.517 

.620 

.661 

.697 

.726 

.745 

.752 

.745 

.715 

.666 

.585 

6. 

.371 

.517 

.627 

.672 

.707 

.732 

.745 

.737 

.707 

.655 

.565 

.400 

7 

.384 

.528 

.640 

.685 

.722 

.751 

.770 

.777 

.768 

.740 

.690 

.605 

8. 

.375 

.522 

.635 

.680 

.715 

.744 

.760 

.759 

.738 

.682 

.550 

.210 

9 

.  430 

.572 

.668 

.690 

.693 

.665 

.590 

.470 

10 

.435 

.572 

.658 

.673 

.662 

.615 

.507 

.265 

11 

.440 

.591 

.680 

.  701 

.707 

.690 

.644 

.560 

12 

.430 

.572 

.655 

.670 

.667 

.628 

.535 

.320 

.331 

.469 

.580 

.629 

.670 

.706 

.735 

.760 

.780 

.791 

.798 

.796 

.779 

.746 

.690 

14 . 

.335 

.465 

.575 

.620 

.660 

.698 

.730 

.757 

.775 

.784 

.786 

.778 

.750 

.704 

.628 

15 . 

.368 

.495 

.598 

.642 

.683 

.717 

.747 

.770 

.787 

.798 

.803 

.800 

.790 

.760 

.710 

16 . 

.350 

.479 

.588 

.633 

.673 

.712 

.745 

.771 

.791 

.800 

.803 

.795 

.774 

.730 

.655 

17..  . 

.375 

.520 

.628 

.671 

.710 

.740 

.761 

.770 

.760 

.725 

.670 

.570 

18.. 

.370 

.515 

.630 

.677 

.717 

.748 

.762 

.758 

.728 

.662 

.545 

.270 

19. 

.390 

.540 

.  650 

.  695 

.730 

.759 

.776 

.781 

.770 

.740 

.670 

.550 

20.. 

.382 

.519 

.629 

.674 

.714 

.745 

.765 

.771 

.758 

.713 

.615 

.365 

21. 

.  414 

.562 

.665 

.698 

.703 

.678 

.613 

.472 

22.. 

.414 

.555 

.  642 

.  659 

.641 

.582 

.464 

.210 

23. 

.424 

.575 

.671 

.695 

.697 

.672 

.610 

.490 

24 . 

.429 

.576 

.665 

.680 

.671 

.616 

.460 

.140 

25.... . 

.302 

.433 

.548 

.595 

.636 

.671 

.700 

.726 

.744 

.752 

.755 

.750 

.733 

.706 

.665 

26 . 

.320 

.  455 

.564 

.610 

.650 

.685 

.  715 

.740 

.759 

.763 

.759 

.742 

.704 

.642 

.530 

27 . 

.341 

.478 

.578 

.620 

.660 

.691 

.719 

.742 

.759 

.769 

.771 

.768 

.746 

.708 

.649 

28 . 

.334 

.462 

.564 

.608 

.647 

.683 

.714 

.740 

.762 

.778 

.782 

.774 

.741 

.680 

.570 

29. 

.347 

.492 

.601 

.  643 

.676 

.700 

.714 

.718 

.709 

.680 

.631 

.555 

30. 

.365 

.495 

.601 

.645 

.680 

.706 

.721 

.720 

.691 

.630 

.480 

.190 

31 . 

.371 

.509 

.606 

.649 

.684 

.714 

.733 

.740 

.727 

.695 

.641 

.553 

32.  . 

.367 

.503 

.610 

.655 

.694 

.722 

.739 

.738 

.701 

.634 

.520 

.328 

33. 

.398 

.535 

.600 

.635 

.630 

.605 

.543 

.448 

34. 

.410 

.535 

.  >06 

.612 

.590 

.528 

.375 

.140 

35. 

.404 

.  541 

.627 

.645 

.642 

.611 

.550 

.445 

36 

.400 

.530 

.614 

.629 

.622 

.582 

.495 

.320 

37 . 

.305 

.431 

.545 

.594 

.635 

.672 

.703 

.729 

.745 

.756 

.760 

.757 

.741 

.710 

.656 

38 . 

.312 

.445 

.560 

.610 

.651 

.690 

.720 

.745 

.760 

.760 

.747 

.717 

.660 

.595 

.480 

39 . 

.345 

.478 

.581 

.625 

.660 

.692 

.720 

.741 

.758 

.769 

.770 

.763 

.740 

.700 

.630 

40 . 

.320 

.452 

.560 

.608 

.  650 

.684 

.719 

.741 

.758 

.767 

.765 

.751 

.722 

.671 

.585 

41 . 

.346 

.480 

.590 

.636 

.674 

.703 

.722 

.725 

.709 

.661 

.591 

.480 

42 . 

.345 

.490 

.602 

.  650 

.684 

.712 

.725 

.721 

.690 

.620 

.490 

.265 

43 . 

.371 

.510 

.614 

.  656 

.690 

.717 

.730 

.730 

.710 

.675 

.616 

.510 

44. 

.359 

.500 

.605 

.645 

.680 

.701 

.708 

.697 

.655 

.572 

.427 

.180 

45.  . 

.400 

.535 

.601 

.605 

.590 

.546 

.470 

.350 

46. 

.398 

.533 

.609 

.615 

.590 

.530 

.420 

.230 

47. 

.415 

.545 

.609 

.614 

.601 

.565 

.490 

.364 

48. 

.401 

.541 

.605 

.605 

.579 

.515 

.405 

.215 

49 . 

.365 

.513 

.631 

.679 

.714 

.741 

.759 

.764 

.760 

.736 

.691 

.617 

50 . 

.380 

.530 

.642 

.685 

.720 

.740 

.752 

.752 

.735 

.695 

.630 

.525 

51 . 

.380 

.525 

.636 

.675 

.708 

.730 

.745 

.749 

.735 

.702 

.645 

.540 
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Where  the  above  efficiency  is  different  from  that  shown  in  the  curves  of  Report  No.  14. 
the  difference  is  due  mainly  to  a  less  net  torque  caused  by  a  slight  rise  in  zero  torque.  Quan¬ 
titatively  the  error  was  small,  as  may  be  shown  by  the  following  illustration: 

In  Report  No.  14  the  maximum  efficiency  of  propeller  No.  1  is  0.765  at  -^^  =  0.79.  With 


a  wind  velocity  of  60  feet  per  second  (about  40  miles  per  hour)  and  with  $c  =  0.6  and  Tc  =  0.365, 
with  air  density  0.075  pounds  per  cubic  foot,  and  with  a  diameter  of  3  feet,  the  torque  would 


be 


0.6X3600X27X0.075 

1000 


=  4.38  foot-pounds. 


The  efficiency  of  propeller  No.  1  at  ^p^O-79 


has  been  determined  to  be  0.785,  which  with  the  same  thrust,  velocity,  etc.,  requires  a  torque 
coefficient  =  0.585,  or  a  torque  of  4.27  foot-pounds,  the  difference  being  0.11  foot-pounds. 

A  further  possible  source  of  error  in  the  efficiency  curves  of  Report  No.  14  was  the  method 
of  calculating  efficiency  from  faired  curves  of  Tc  and  Qc.  The  difference  in  the  above  example, 
between  Qc  =  6  and  Qc  =  0.585  is  barely  distinguishable  on  the  scale  used.  In  the  above  check  tests 
efficiency  was  calculated  directly  from  the  data  for  each  observation.  It  may  be  noted  that 
the  efficiencies  (as  shown  by  Table  III)  for  expanding  pitch  propellers  (P2)  13  to  24  and  37 
to  48  are  in  general  somewhat  greater  than  for  uniform  pitch  propellers  (PJ  1  to  12  and  25  to 
36.  There  are  but  few  exceptions  to  this  rule.  Other  general  conclusions  of  Report  No.  14 
as  to  relative  efficiency  are  unchanged. 


REDUCTION  OF  DATA. 


The  same  general  method  in  reduction  of  data  followed  in  Report  No.  14  has  been  followed 
in  this  present  investigation.  WTith  the  exception  that  metric  units  are  used  throughout,  the 
data  as  presented  are  in  the  same  form. 

V  =  Velocity  in  meters  per  second. 

N  =  Revolutions  per  second. 

D  =  Diameter  in  meters. 

A  =  Density  of  air  in  kilograms  per  cubic  meter. 

T  =  Thrust  in  kilograms. 

Q  =  Torque  in  kilogram-meters. 

Pe  =  Effective  power  or  power  absorbed  by  propellers  in  kg.  meters  per  second. 

Pu  =  Useful  power  or  work  done  in  overcoming  resistance  to  forward  motion  of  plane 
in  kg.  meters  per  second, 
p  =  Efficiency. 

It  should  be  noted  that  the  S^P  coefficient,  is  independent  of  the  units  if  they  are 

V 

homogeneous.  Therefore,  in  this  present  report,  the  values  of  jj-jj  are  the  same  as  for  Report 


No.  14. 


The  coefficients  Tc  = 


100  X  T 
A  V2  D2' 


1000  X  Q  Pe 
AV2D*  ’  a NSD5  and 


Pu 

A  Na  D5 


are  likewise  inde¬ 


pendent  of  the  units  used  if  they  are  absolute  and  homogeneous.  Since  gravity  units  are  em¬ 
ployed  these  coefficients  have  in  the  metric  system  a  value  g  in  feet  divided  by  g  in  meters  =  (3.28) 
times  that  when  English  units  are  used. 

In  Plates  I  to  XII  are  shown  diagrams  giving  values  of  the  thrust  and  torque  coefficients 
and  of  the  efficiency  for  all  of  the  16  models  tested.  The  use  of  these  diagrams  is  fully  explained 
in  Report  No.  14. 

The  practice  in  Report  No.  14  was  to  reduce  the  observations  to  data  in  the  form  of 
thrust  and  torque  coefficients  Tc  and  Qc  and  plot  on  abscissae  of  — Fair  curves  were 


then  drawn  as  nearly  as  might  be  through  the  points  determined.  The  efficiency  was 

V 

calculated  for  each  0.1  or  0.05  of  the  ^  ^  range  from  values  of  Tc  and  Qc  taken  from  the 


curves.  In  this  present  report  the  efficiency  has  been  calculated  directly  from  the  observations 
and  the  efficiency  curve  drawn  through  the  points  thus  determined,  serving  to  eliminate  errors 
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of  judgment  in  drawing  curves  of  Tc  and  Qc.  The  curves  of  Tc ,  Qc,  and  p  are  checked  for  con- 

17 

sistency  at  values  of  jj-jj  varying  by  increments  of  0.1. 

Plates  XXXV  to  XLI  show  the  Eiffel  logarithmic  diagrams  for  the  16  models  tested.  In 
these  diagrams,  which  may  be  employed  in  the  same  manner  as  those  of  Report  No.  14,  the 
metric  horsepower  of  75  kilogram  meters  per  second  is  used. 

DISCUSSION  OF  RESULTS. 

Thrust  in  relation  to  pitch  ratio. — As  expected  from  the  tests  of  Report  No.  14  the  thrust 

V 

of  propellers  80,  81,  82,  and  83  (1.1  pitch  ratio)  is  greater  for  the  same  value  of  than  the 

thrust  of  propellers  of  similar  form  and  area  but  of  less  pitch  ratio. 

Thrust  in  relation  to  blade  area . — The  pairs  of  propellers  80-81  and  82-83  show  the  same 
relations  of  thrust  as  similar  pairs  of  Report  No.  14 — that  is,  the  wide  blades  (81  and  83)  show 
the  lesser  thrust  at  low  slip  and  the  greater  thrust  at  high  slip.  As  noted  in  Report  No.  14,  the 
lower  thrust  at  low  slip  is  probably  due  to  the  smaller  dynamic  pitch  caused  by  the  smaller 
curvature  of  the  back  of  the  blades. 

Thrust  in  relation  to  blade  form. — Forms  3  and  5  (curved  edge  entering)  show  less  thrust 
than  forms  4  and  6,  while  form  7  (straight  edge  entering)  shows  less  thrust  than  form  8.  Such 
differences  as  exist  between  pairs  F3-F4,  F5-F6,  and  F7-F8  are  believed  to  be  due  to  greater 
tendency  of  one  than  the  other  propeller  to  warp  when  under  load. 

The  differences  between  F2,  F3,  and  F5  and  between  F4  and  F„  are  not  marked,  the  thrust 
curves  being  practically  identical  at  many  points. 

Thrust  in  relation  to  blade  section. — The  thrust  for  S3  is  in  general  intermediate  between 
thrusts  for  S4  and  S2. 

Power  in  relation  to  pitch  ratio. — As  was  anticipated,  for  a  given  value  of  the  torque 

and  power  coefficients  are  higher  for  the  propellers  of  1.1  pitch  ratio  than  for  those  of  similar 
form  and  area  but  of  less  pitch  ratio. 

Power  in  relation  to  blade  area. — -The  pairs  of  propellers  80-81  and  82—83  show  the  same 
general  relations  of  power  as  of  thrust.  The  wide  blades,  having  a  less  dynamic  pitch,  absorb 
less  power  at  lowT  slip,  but  at  the  high  slips  absorb  the  greater  power.  The  two  areas  absorb  the 

same  power  at  a  value  of  prpj  slightly  less  than  for  maximum  efficiency. 

Power  in  relation  to  blade  form. — The  power  curves  for  the  various  forms  have  the  same 
general  relations  as  those  for  thrust. 

Power  in  relation  to  blade  section. — 'The  power  absorbed  by  propellers  of  blade  section  S3  is, 
in  general,  intermediate  between  powers  absorbed  by  S,  and  S2. 

Efficiency  in  relation  to  pitch  ratio. — As  was  anticipated,  propellers  of  1.1  pitch  ratio  show 
a  longer  range  of  efficiency  and  a  higher  maximum  efficiency  than  those  of  less  pitch  ratio. 

Efficiency  in  relation  to  blade  area. — Propeller  pairs  80-81  and  82-83  show  the  same  character¬ 
istics  in  efficiency  curves  as  similar  pairs  in  Report  No.  14.  The  narrow  blades  have  a  greater 
efficiency  and,  having  a  slightly  greater  dynamic  pitch,  have  a  correspondingly  larger  range. 

Efficiency  in  relation  to  blade /orm.— Such  differences  as  exist  in  the  efficiency  of  the  various 
forms  tested  are  not  marked.  Curves  for  F2,  F„  and  Fs  are  very  similar  except  near  the 
maximum,  where  F5  has  the  advantage  of  about  1  per  cent.  Curves  for  F4  and  F„  do  not  vary 
widely  from  the  above.  Curves  for  F7  and  F„  are  practically  identical. 

'Efficiency  in  relation  to  blade  section. — The  cambered  blades  of  S3  give  efficiency  curves  be¬ 
tween  those  for  Sx  and  S2,  and  it  therefore  appears  that  to  be  of  advantage  camber  should  be 
less  than  that  used  in  S3. 

It  should  be  noted  that  a  table  has  been  given  showing  corrected  values  of  efficiency  for 
propellers  of  Report  No.  14,  and  that  the  above  statements  as  to  efficiency  are  made  in  con¬ 
sideration  of  these  corrected  values. 
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II.  TESTS  OF  A  VARIABLE  PITCH  PROPELLER. 

Propeller  model  No.  96,  figure  11,  was  constructed  with  a  view  to  determining  the  aero¬ 
dynamic  qualities  of  the  variable  pitch  propeller.  The  blades  are  independent  and  fastened 
in  a  spherical  bronze  hub,  as  shown.  By  loosening  the  screws  they  may  be  set  to  any  desired 
angle  and  then  secured.  In  this  propeller  the  blades  were  made  of  San  Domingo  mahogany 
in  one  piece  and  have  the  form  section,  etc.,  Flf  At,  S1}  and  a  constant  pitch  of  25.2  inches 
(pitch  ratio,  0.7).  This  model  is  therefore  like  model  No.  5  of  Report  No.  14,  except  for  slight 
variation  at  the  hub. 

The  model  was  tested  in  the  usual  manner  with  the  following  settings: 

A  =  4°  retard.  E  =  12°  advance. 

B  =  0°  advance.  F  =  16°  advance. 

C  =  4°  advance.  G  =  20°  advance. 

D  =  8°  advance.  H  =  24°  advance. 

In  setting  A  the  pitch  angles  are  4°  less  than  those  for  0.7  pitch  ratio;  in  setting  B  the 
blade  is  set  at  the  designed  pitch,  and  in  settings  C,  D,  E,  F,  G,  and  FI  the  pitch  angles  are 
the  amounts  shown  greater  than  those  for  0.7  pitch  rato. 

Results  of  tests  are  shown  in  Plates  XIII,  XIV,  and  XLII.  The  following  Table  IV 
shows  the  nominal  and  dynamic  pitch  and  for  the  various  settings. 


Table  IV. — Propeller  model  No.  96. 


Setting. 

Nominal 

pitch. 

Dynamic 

pitch. 

Mean 
nominal 
pitch  ratio. 

Dynamic 

pitch 

ratio. 

A . 

Inches. 

21. 2  to  17. 9 

Inches. 

28.4 

0.54 

0. 79 

B . 

25.2 

34.5 

.70 

.96 

C . 

29. 4  to  32.  8 

40.7 

.86 

1.13 

I) . 

34. 1  to  40.  8 

46.8 

1.04 

1.30 

E . 

39. 3  to  49.  2 

54.0 

1.22 

1.50 

F . 

45.  2  to  58.  2 

61.6 

1.43 

1.71 

G . 

62  toes 

70.2 

1.65 

1.95 

H . 

60  to  78. 8 

80.7 

1.88 

2.24 

In  the  above  table  the  column  nominal  'pitch ,  except  for  setting  B,  has  two  values.  The  first 
is  for  the  7-inch  radius  and  the  second  for  the  16-inch  radius.  The  column  mean  nominal  pitch 
ratio  is  the  mean  value  of  nominal  pitch  for  the  7, 10, 13,  and  16  inch  radii  divided  by  the  diameter. 
As  shown  by  Plates  XIII,  XIV,  and  XLII,  the  power  absorbed  by  this  model  increases 

with  the  angle  of  attack  for  any  value  of^-^* 

For  the  tlirust  this  rule  does  not  apply.  At  ~^===0.6,  for  example,  there  is  no  increase  in 

thrust  for  angles  of  advance  greater  than  16°.  (Setting  F.) 

The  maximum  efficiency  of  this  propeller  increases  with  the  angle  of  advance  until  about 
8°  has  been  reached  corresponding  to  a  mean  nominal  pitch  ratio  of  1.04. 


III.  TESTS  OF  RIGHT  AND  LEFT  HAND  PROPELLERS  IN  SERIES. 

In  order  to  determine  the  aerodynamic  characteristics  of  two  propellers  (right  and  left 
hand)  in  series,  three  additional  propeller  models  were  constructed.  These  are  numbered 
97,  98,  and  99.  All  are  left  hand  and  have  form,  area,  and  section  symbols  F,,  At,  S,,  described 
in  Report  No.  14.  No.  97  has  a  pitch  ratio  of  0.9  and  is  therefore  like  propeller  No.  1  in  every  re¬ 
spect  except  direction  of  rotation.  Nos.  98  and  99  have  pitch  ratios  of  0.7  and  0.5,  respectively, 
and  are  therefore  duplicates  to  propellers  No.  5  and  No.  9,  except  as  to  direction  of  rotation! 

The  three  sets,  1  with  97,  1  with  98,  and  1  with  99,  were  mounted  as  shown  in  figure  12. 
The  right-hand  propeller  was  placed  in  the  rear,  on  the  shaft  of  the  dynamometer  that  wa^located 
within  the  experiment  chamber.  A  dynamometer  (similar  in  operation)  was  built  4  feet  in  front 
of  the  collector  end  of  the  tunnel,  the  propeller  shaft  being  extended  through  the  collector  and 
supported  at  the  end  by  a  bearing  in  the  bronze  nut  which  secured  the  right-hand  propeller  in 
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position.  The  left-hand  propeller  was  mounted  on  the  shaft  of  the  forward  dynamometer.  Both 
propeller  shafts  floated  freely,  but  the  average  distance  between  the  two  propellers  was  6  inches. 

The  method  of  conducting  tests  was  as  follows:  Both  dynamometers  were  allowed  to 
run  until  steady  conditions  were  attained.  Both  dynamometers  were  carefully  calibrated  for 
torque  and  thrust.  The  propellers  were  then  put  in  position  and  with  a  practically  constant 
wind  velocity  and  a  constant  rotative  velocity  of  the  forward  (left-hand)  propeller,  a  series 
of  observations  were  made  at  various  speeds  of  the  rear  (right-hand)  propeller.  The  rotative 
velocity  of  the  forward  propeller  was  then  changed  and  another  series  of  observations  made. 
This  was  continued  until  the  range  of  possible  utility  was  covered. 

The  observed  data  was  reduced  to  thrust  and  torque  coefficients  and  efficiency  for  each 
propeller  and  to  combined  efficiency  for  the  two  propellers.  The  coefficients  and  efficiencies 
were  plotted  as  elevations  of  a  surface,  and  the  contours  shown  in  Plates  XV  to  XXIX  were 
then  interpolated.  Plates  XV  to  XXVI  show  also  the  torque  and  thrust  coefficients  and 
efficiency  for  propellers  1,  97,  98,  and  99  when  alone. 

From  these  contours  the  following  conclusions  are  drawn: 

(1)  The  thrust  of  either  propeller  is  reduced  if  the  other  develops  thrust. 

(2)  The  torque  of  the  forward  propeller  is  reduced  if  the  rear  propeller  develops  thrust. 


(3)  At  low  slips  (the  larger  values  of  the  torque  of  the  rear  propeller  is  reduced  if  the 

V\ 

forward  propeller  develops  thrust,  while  for  high  slips  (the  lower  values  of  -^w,  the  torque  of 


the  rear  propeller  is  increased  if  the  forward  propeller  develops  thrust. 

(4)  The  efficiency  of  either  propeller  is  reduced  if  the  other  develops  thrust. 

V 

(5  To  give  equal  thrust  or  to  absorb  equal  power  at  equal  values  of  jyqrp  two  propellers 

(right  and  left  in  series)  should  have  the  same  pitch  ratio. 

(6)  For  two  like  propellers  delivering  equal  thrust  or  absorbing  equal  power,  the  efficiency  of 
the  combination  is  approximately  equal  to  the  efficiency  of  either  at  the  combined  thrust  or  power. 

It  may  be  noted  that  the  efficiency  curve  for  propeller  No.  97  is  somewhat  lower  than  that 
for  No.  1,  although  these  propellers  were  constructed  as  nearly  alike  as  possible.  Measurements 
after  tests  showed  No.  97  to  have  a  slightly  less  pitch  than  No.  1.  Likewise  Nos.  98  and  99 
have  less  pitch  than  the  right  hand  similar  ones,  Nos.  5  and  9,  of  Report  No.  14.  In  addition, 
it  may  be  seen  that  the  efficiency  curve  of  No.  97  is  that  determined  by  the  tests  of  Report 
No.  14  and  not  as  determined  by  recent  tests.  The  arrangement  of  the  apparatus  and  time 
required  to  remove  and  replace  propellers  made  it  impracticable  to  make  these  tests  by  the 
improved  method. 

Therefore  it  is  possible  that  the  efficiency  and  torque  curves  shown  on  these  diagrams 
are  slightly  in  error.  The  relation  of  one  curve  to  another  is,  however,  believed  to  be  sub¬ 
stantially  correct. 


IV.  TESTS  ON  MODEL  PROPELLERS  TO  DETERMINE  BRAKE  EFFECT  OR  NEGATIVE  THRUST  AT 

NEGATIVE  SLIP. 

The  propellers  selected  for  these  tests  are  numbered  1,  2,  3,  4,  5,  6,  7,  8,  9,  10,  11,  and  12. 
Their  form,  section,  and  area  characteristics  are  fully  described  in  Report  No.  14. 

The  models  were  mounted  as  usual  and  the  driving  motor  constrained,  by  means  of  a 
mechanical  or  an  electrical  brake,  to  run  at  less  revolutions  than  required  to  develop  a  positive 
thrust.  The  wind  velocity  was  maintained  constant  at  about  50  miles  (80  km.)  per  hour.  A 
series  of  observations  were  made  on  each  propeller  at  revolutions  from  that  required  for  zero 
thrust  to  revolutions  as  low  as  practicable  for  steady  conditions.  The  negative  thrust  was 
measured  by  reversing  the  balance  arm  of  the  thrust  dynamometer. 

The  data  obtained  were  reduced  to  coefficients  in  the  form  of  the  thrust  coefficient  Tc  and 
plotted  as  shown  in  diagrams  of  Plates  XXX  and  XXXI.  It  should  be  noted  that  the  brake 
effect  coefficient  is  plotted  as  a  positive  quantity  obtained  by  multiplying  the  thrust  coefficient 
by  -1. 
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The  diagrams  show,  as  would  be  anticipated,  that  the  narrow  blades  have  less  brake  effect 
than  the  wide  ones  (see  pairs  1-2,  3-4,  5-6,  etc.),  and  that  the  brake  effect  of  the  higher  pitch 
ratio  is  less  than  that  of  the  lower.  (Sets  1-5-9,  2-6-10,  etc.)  The  unexpected  results  of  this 
investigation  are  shown  most  clearly  in  the  curves  for  propellers  Nos.  10  and  12.  With  a  con- 

y 

stant  velocity  of  advance,  the  brake  effect  of  propeller  No.  10  is  at  -^-^  =  1.3,  about  twice  the 

V 

value  for  ^  =  4.8. 


Fig.  13. 


\ 

\ 

\ 

\ 

\ 

\ 

\ 
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That  this  might  have  been  expected  may  be  shown  by  the  following  analysis : 

Let  E  F,  figure  13,  represent  an  element  of  the  propeller  surface. 

AB  =  V,  the  constant  forward  velocity 

BC  =  U,  the  variable  circumferential  velocity 

A  C  is  then  the  relative  velocity  of  wind  and  element. 

a  ==90°  —  pitch  angle. 

(a  — 0)  is  then  the  rclativo  direction  of  the  wind  and  elementary  surface. 

From  Duchemin’s  formula,  verified  by  Langley  (see  experiments  in  aerodynamics  by  S.  P. 
Langley,  Smithsonian  Institution,  1891)  the  normal  pressure  on  the  element,  and  hence  the  thrust 

,  .  T  ,  rr  2  Sin  (a  -  0) 

component,  is  equal  to 

In  the  above  formula,  the  velocity  is  presumed  to  be  constant. 

The  velocity  of  the  element,  however,  with  constant  velocity  of  advance,  varies  as  sec  0 
Merging  the  coefficient  2  with  the  constant  K  and  assuming  that  pressure  varies  as  velocity 

,  v  m.  i  ^  sin  (a  — 6)  sec20 

squared,  we  may  write;  thrust  =  K  — T^n^la  _ g) "• 

Assigning  to  a  values  of  70°  and  85°  (corresponding  to  pitch  angles  of  20°  and  5°)  and  to  0 
various  values,  a  series  of  values  for  thrust  may  be  determined.  These,  if  plotted  on  abscissse 
of  cot  0,  give  curves  as  shown  in  figure  14,  which  have  the  same  general  shape  as  curves  shown  on 
Plates  XXX  and  XXXI.  For  the  above  analysis  the  author  is  indebted  to  Prof.  L.  M.  Hos¬ 
kins,  of  Stanford  University. 

The  curves  shown  for  propellers  Nos.  3  and  12  may  also  be  transformed  into  curves  similar 
to  one  derived  by  the  Duchemin  formula  as  follows : 

V  V 

cot  0  jj-  r  jy  D 

By  Duchemin’s  formula  P  =  O  when  a  — 6  =  0  or  when  a  =  0.  But  from  plate  XXXI,  thrust  (and 
consequently  P )  is  equal  to  zero  when  is  .068  for  propeller  No.  12  and  1.2  for  propeller  No.  3. 


> 
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Fig.  14. 


The  equivalent  a  is  then 


for  propeller  No.  12,  coir 1  — -  or  77°  45' 

7 r 

1  2 

and  for  propeller  No.  3,  cot-1  — —  ,  or  69°  6'. 

7 r  7 

If  ordinates  of  curves  for  propellers  12  and  3  are  divided  by  sec'2  (coir1 — the 

\  7T  NUJ 

quotients  multiplied  by  a  constant  and  plotted  on  abscissae  of  77°  45' — coir1 — (for 

7T  iV  // 

propeller  12)  and  69  6  cot  1  ^  (^or  propeller  3)  the  points  will  lie  as  shown  in  figure  16. 
These  tests  therefore  serve  to  confirm  the  Duchemin  formula. 
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V.  STANDING  THRUST  AND  POWER  TESTS. 

The  51  propellers  of  Report  No.  14  and  the  16  propellers  of  this  present  report  were  tested 
to  determine  coefficients  of  standing  thrust  and  power. 

This  investigation  was  necessarily  carried  on  in  the  wind  tunnel.  Preliminary  tests  were 
therefore  conducted  to  determine  the  effect  of  the  velocity  generated  throughout  the  tunnel 
by  the  action  of  the  model  alone,  with  a  view  to  eliminating  such  effect  if  possible.  It  was 
found  that  if  the  experiment  chamber  were  closed,  except  for  the  openings  to  collector  and 
diffuser,  the  velocity  generated  by  the  model  was  sufficient  to  make  results  of  tests  inconsistent. 
After  several  trials  the  following  conditions  were  established  as  closely  approximating  operation 
in  free  air.  Doors  and  windows  of  the  experiment  chamber  were  removed,  and  the  diffuser 
partially  closed  by  a  damper,  so  that  the  stream  driven  backward  by  the  model  just  passed  out 
through  the  diffuser  without  forming  eddies  and  backward  currents  in  the  experiment  chamber. 

All  propellers  were  tested  throughout  the  practicable  range  of  revolutions.  The  observa¬ 
tions  were  reduced  to  coefficients  as  follows: 

Thrust  ,  Power 

A»  a  ZuVT5 

These  coefficients  were  plotted  as  ordinates  on  abscissae  of  N  D,  as  shown  in  Plates  XXXII, 
XXXIII,  and  XXXIV.  The  diagrams  are  typical  of  the  67  propellers  tested.  For  the  most 

part  the  coefficients  antl  ~KWD5  plot  aS  straight  lin6S  nearly  parallel  to  the  axis  of  ND, 

showing  the  coefficients  to  be  practically  constant. 

The  data  for  the  67  propellers  is  given  in  the  following  Table  V. 


Table  V— Standing  thrust  and  power.  Table  V— Standing  thrust  and  power— Continued. 


Propeller 

number. 

1 V  D 

Thrust. 

Power. 

Thrust. 

&KW* 

A  As 

Tower. 

10 

0. 0122 

0.00509 

0. 2398 

20 

.0124 

.  00505 

.1226 

10 . 

30 

.0127 

.00519 

.0816 

40 

.0129 

.  00529 

.0610 

50 

.0130 

.00535 

.0486 

10 

.0110 

.  00465 

.  2366 

20 

.0115 

. 00470 

.1226 

11 . 

30 

.0116 

. 00470 

.  0822 

40 

.0118 

. 00470 

.  0627 

50 

.0120 

.00470 

.0510 

'  10 

.0122 

. 00496 

.2460 

20 

.0122 

. 00496 

.1230 

12 . 

30 

.0122 

. 00492 

.0825 

40 

.0122 

. 00490 

.  0623 

50 

.0122 

.00489 

.0500 

f  10 

.0126 

.  00867 

.1453 

|  20 

.0149 

. 00887 

.  0840 

13 . 

i  30 

.0164 

. 00873 

.0627 

\  40 

.0175 

.  00860 

.0518 

1 

.0196 

.01023 

.1914 

|  20 

.0195 

. 01072 

.0910 

14 . 

|  30 

.0197 

.01123 

.  0583 

l  40 

.0198 

.  01149 

.  0130 

f  10 

.0154 

.  00830 

.  1855 

15 . 

j  20 

.0163 

.  00813 

.1002 

1  30 

.0166 

.  00832 

.0664 

l  40 

.0168 

.00848 

.0495 

f  10 

.0188 

. 00943 

.1995 

I  20 

.0188 

.01000 

.0940 

10.  . . 

1  30 

.0188 

.01000 

.0627 

(  40 

.0188 

. 01000 

.  0470 

(  10 

.0112 

. 00609 

.1838 

|  20 

.0125 

. 00646 

.0967 

17 .  -  - . 

i  30 

.0140 

. 00676 

.0690 

i  40 

.0151 

.00698 

.0541 

I  10 

.0164 

.00742 

.2210 

1  20 

.  0162 

. 00747 

.1085 

lo . 

1  30 

.0164 

.  00789 

.0694 

l  40 

.0165 

. 00818 

.0505 

Propeller 

number. 

N  D 

Thrust. 

Power. 

Thrust. 

A 

Power. 

10 

0.  0140 

0. 00878 

0. 1592 

20 

.0153 

.  00859 

.0891 

1 . 

30 

.0153 

.00881 

.0580 

40 

.0153 

. 00905 

.0423 

10 

.0190 

.00917 

.2071 

20 

.0194 

.01057 

.0918 

2 . 

30 

.0199 

.01108 

.0598 

40 

.0202 

.01138 

.0453 

r 

.0128 

.00829 

.1544 

1  20 

.0163 

.00820 

.0994 

3 . 

1  30 

.0166 

.00822 

.0673 

l  40 

.0160 

. 00840 

.0477 

f  10 

.0192 

.01006 

.1910 

20 

.0195 

.  01045 

.0932 

4 . 

30 

.0195 

. 01040 

.0623 

1  40 

.0105 

. 01035 

.0471 

f  1° 

.0118 

.00628 

.1880 

1  20 

.0140 

.00698 

.1003 

5 . 

j  30 

.0153 

.00731 

.0697 

l  40 

.0162 

.00768 

.0527 

1  1° 

.0160 

.00742 

.2155 

I  20 

.0163 

.00792 

.1028 

6 . 

1  30 

.0167 

.00802 

.0693 

[  40 

.0170 

.  00808 

.0517 

10 

.0130 

.00667 

.1955 

20 

.0145 

.00661 

.1098 

7 . 

30 

.0147 

.00650 

.0753 

40 

.0149 

.00662 

.0563 

50 

.0151 

.00690 

.0438 

f  io 

.0160 

.00715 

.2235 

1  20 

.0160 

. 00738 

.  1085 

8 . 

j  30 

.0163 

.00754 

.0720 

(  40 

.0164 

.00769 

.0533 

10 

.0102 

.00452 

.2255 

20 

.0111 

,00482 

.1150 

9 . 

30 

.0117 

. 00482 

.0809 

40 

.0120 

. 00482 

.0622 

50 

.0123 

.00485 

.0506 
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Table  V. — Standing  thrust  and  power — Continued. 


Propeller 

number. 

N  D 

Thrust. 

Power. 

Thrust. 

A  NiD* 

A  -iVAD5 

Power. 

f  10 

0. 0126 

0. 00615 

0. 2047 

!  20 

.0138 

.  00583 

.1184 

|  30 

.0138 

.  00594 

.0774 

(  40 

.0137 

.  00601 

.0570 

j  10 

.0163 

. 00741 

.2200 

1  20 

.  0161 

.  00768 

.1047 

30 

.0163 

.  00786 

.  0692 

1  40 

.0164 

.  00800 

.0523 

10 

.0102 

.00402 

.2536 

20 

.0110 

. 00444 

.1238 

21 . 

30 

.0114 

.  00405 

.0817 

40 

.0117 

. 00480 

.0609 

50 

.0120 

.  00490 

.0490 

10 

.0124 

. 00478 

.2600 

20 

.0123 

.00510 

.1205 

22 . 

30 

.0126 

.  00527 

.0797 

40 

.0128 

.00540 

.0593 

50 

.0129 

.  00550 

.0469 

10 

.0110 

.  00415 

.2650 

20 

.0112 

. 00455 

.  1230 

23 . 

30 

.0112 

.  00444 

.0840 

40 

.0112 

.  00435 

.0644 

50 

.0111 

. 00428 

.0520 

10 

.0120 

. 00452 

.  2653 

20 

.0120 

. 00485 

.1237 

24 . 

30 

.0120 

. 00488 

.0820 

40 

.0121 

. 00491 

.0626 

50 

.0121 

.00494 

.0490 

f  10 

.0154 

. 01067 

.1443 

ok 

|  20 

.0176 

. 01072 

.0821 

)  30 

.0179 

.  01103 

.  0541 

• 

(  40 

.0181 

. 01124 

.0403 

f  io 

.0204 

.01130 

.1805 

9rt 

1  20 

.0206 

.01183 

.0871 

)  30 

.0209 

.01221 

.0570 

1  40 

.0212 

. 01250 

.0424 

f  io 

.0160 

. 00967 

.  1655 

97 

|  20 

.0177 

.  00950 

.0932 

1  30 

.0180 

.00950 

.  0f>32 

(  40 

.0182 

. 00950 

.0479 

f  io 

.0204 

. 01067 

.1912 

oc 

J  20 

.0206 

.01135 

.0908 

I  30 

.0206 

.01164 

.0589 

l  40 

.0206 

.01192 

.0432 

f  io 

.0139 

. 00779 

.1785 

9Q 

|  20 

.0162 

. 00853 

.0950 

1  30 

.0179 

. 00933 

.0638 

l  40 

.0192 

. 00985 

.0487 

f  10 

.0173 

. 00842 

.  2055 

30 

|  20 

.0179 

. 00893 

.  1001 

i  30 

.0183 

.  00935 

.0652 

l  40 

.0187 

.  00966 

.0484 

f  io 

.0144 

.00748 

.1926 

31 

I  20 

.  0160 

. 00782 

.1024 

i  30 

.0166 

.  00810 

.0683 

(  40 

.0170 

.00832 

.0512 

f  io 

.0170 

. 00779 

.2182 

32 

1  20 

.0175 

. 00858 

.1020 

30 

.0182 

. 00S96 

.0678 

l  40 

.0187 

. 00925 

.0506 

10 

.0120 

.  00497 

.2414 

20 

.0131 

.  00581 

.1128 

33 . 

30 

.0139 

.  00621 

.0746 

40 

.0145 

. 00653 

.0556 

50 

.0150 

.  00679 

.0444 

io 

.0125 

.  00490 

.  2551 

20 

.0132 

. 00554 

.1190 

34 . 

30 

.0137 

.  00586 

.0779 

40 

.0140 

. 00608 

.0575 

50 

.0143 

.00625 

.0458 

10 

.0130 

.  00521 

.2494 

20 

.0132 

.  00557 

.1185 

35 . 

30 

.0134 

.  00565 

.0790 

40 

.0135 

.  00573 

.0589 

50 

.0136 

.00678 

.0470 

10 

.0134 

.00534 

.2510 

20 

.0138 

.00588 

.1174 

36 . 

30 

.0142 

.  00619 

.0764 

40 

.0145 

. 00644 

.0562 

50 

.0148 

.00663 

.0446 

Table  V. — Standing  thrust  and  power — Continued. 


Propeller 

N  D 

Thrust. 

Power. 

Thrust. 

number. 

A  NW* 

A  N>D* 

Power. 

f  10 

0. 0144 

0. 01005 

0. 1434 

37 . 

1  20 

.  0168 

.01189 

.0705 

30 

.0184 

.  01262 

.  0487 

l  40 

.0197 

.01311 

.0376 

f  io 

.  0206 

. 01094 

.1883 

38 . 

1  20 

.0210 

.01182 

.  0890 

|  30 

.0218 

.01271 

.  0573 

l  40 

.0224 

. 01342 

.0418 

f  io 

.0164 

. 00955 

.1718 

39 . 

1  20 

.0176 

. 00922 

.  0955 

30 

.0176 

.  00940 

.  0614 

i  40 

.0176 

.  00951 

.0463 

f  io 

.0200 

.  01081 

.1849 

40 . 

I  20 

.0202 

.01109 

.0910 

30 

.0206 

.01131 

.0608 

l  40 

.0209 

.01148 

.0454 

.  io 

.0133 

. 00716 

.1857 

41 . 

I  20 

.0157 

. 00816 

.  0963 

1  30 

.0174 

. 00916 

.0033 

1  40 

.0188 

.  00998 

.0470 

[  10 

.0170 

.00811 

.2097 

42 . 

I  20 

.0185 

.  00898 

.  1029 

|  30 

.0190 

.  00956 

.  0662 

l  40 

.0194 

.  01001 

.0484 

(  io 

.0142 

. 00716 

.  1983 

43 . 

|  20 

.0157 

.00743 

.1056 

30 

.  0163 

. 00776 

.0700 

l  40 

.0168 

.  00797 

.0527 

f  10 

.0170 

.  00754 

.  2254 

44 . 

J  20 

.0170 

.00819 

.1037 

j  30 

.0176 

. 00866 

.0678 

l  40 

.0180 

.00898 

.0501 

io 

.0114 

. 00527 

.2163 

20 

.0126 

. 00562 

.1120 

45 . 

30 

.0132 

. 00582 

.0756 

40 

.0137 

. 00597 

.0578 

50 

.0141 

. 00606 

.0465 

[  10 

.0134 

. 00540 

.2482 

46 . 

|  20 

.0141 

. 00612 

.1151 

)  30 

.0148 

.  00658 

.0750 

l  40 

.0153 

.  00607 

.  0549 

1° 

.0120 

.00490 

.2450 

20 

.0124 

.  00502 

.1235 

47 . 

30 

.0127 

. 00513 

.0825 

40 

.0129 

.  00522 

.0618 

50 

.0130 

.00528 

.0493 

10 

.0136 

.  00559 

.2432 

20 

.0134 

.  00568 

.  1180 

48 . 

30 

.0135 

.00569 

.0791 

40 

.0136 

.  00570 

.  0597 

50 

.0137 

.  00570 

.0481 

[  io 

.  0122 

. 00635 

.  1921 

49 . 

|  20 

.  0133 

.00632 

.  10.53 

1  30 

.  0139 

. 00632 

.0734 

l  40 

.1043 

.00632 

.0566 

f  io 

.0122 

.00641 

.  1905 

50 . 

1  20 

1  30 

.0139 

.00022 

.1117 

.0141 

. 00628 

.0748 

(  40 

.0143 

.00632 

.0566 

(  10 

.0134 

.00641 

.2080 

51 . 

.0141 

.  00625 

.1128 

{  30 

.0141 

.  00642 

.0732 

f  io 

.0148 

.  00980 

.1511 

80 . 

I  20 

.0150 

.01034 

.0725 

1  30 

.0151 

.  01095 

.0459 

l  40 

.0152 

.01155 

.0329 

f  io 

.0194 

.01300 

.1493 

81 . 

J  20 

.0198 

.  01322 

.0750 

1  30 

.0204 

.  01404 

.0486 

l  40 

.0208 

.  01469 

.0354 

(  10 

.0152 

.00917 

.1658 

82 . 

J  20 

.01490 

.00976 

.0764 

1  30 

.01483 

. 00998 

.0495 

1  40 

.01580 

.01021 

.0362 

1  io 

.01919 

.01212 

.1584 

83 . 

1  20 

.01902 

. 01232 

.0776 

i  30 

.01893 

.01248 

.0505 

(  40 

.01881 

.01271 

.0370 
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Table  V. — Standing  thrust  and  power — Continued.  Table  V. — Standing  thrust  and  power — Continued. 


Propeller 

number. 

ND 

Thrust. 

Power. 

Thrust. 

A  N*D* 

A  N»D> 

Power. 

10 

0.01143 

0.00653 

0.1750 

20 

.01384 

. 00580 

.1193 

84 . 

30 

.01401 

.00596 

.0782 

40 

. 01418 

.00609 

.0582 

50 

.01427 

.00618 

.0462 

10 

.0100 

.00672 

.1488 

20 

.0138 

.00616 

.1115 

30 

.0142 

. 00640 

.0740 

40 

.  0145 

.00660 

.0550 

50 

.0147 

.00676 

.0435 

10 

.0116 

.00653 

.1776 

20 

.0135 

. 00568 

.1188 

86 . 

30 

.0138 

. 00589 

.0781 

40 

.0141 

. 00606 

.0581 

50 

.0143 

.00620 

.0441 

10 

.0102 

.00641 

.1592 

20 

.0139 

. 00614 

.1132 

30 

.0143 

. 00640 

.0714 

40 

.0146 

.00660 

.0554 

50 

.0149 

.00674 

.0432 

10 

.0100 

. 00603 

.  1658 

20 

.0128 

. 00572 

.1118 

88 . 

30 

.0128 

.00582 

.  0733 

40 

.0128 

.  00590 

.  0542 

50 

.0128 

.00596 

.0429 

10 

.0100 

.00590 

.  1695 

20 

.0127 

.00609 

.  1042 

89 . 

30 

.  0133 

. 00620 

.  0716 

40 

.0137 

.00628 

.0545 

50 

.0140 

.00633 

.  0445 

Propeller 

number. 

ND 

Thrust. 

Power. 

Thrust. 

A  N*D* 

A  NsD* 

Power. 

10 

0.0114 

0.00453 

0.2517 

20 

.0119 

. 00502 

.  1185 

90 . 

30 

.0122 

. 00502 

.0810 

40 

.0125 

. 00502 

.0622 

50 

.0127 

.00502 

.0506 

10 

.0126 

. 00508 

.2480 

20 

.0128 

. 00523 

.  1223 

91 . 

30 

.0131 

.00531 

.  0823 

40 

.0133 

.00538 

.  0618 

50 

.0135 

.00544 

.  0496 

f  10 

.0137 

. 00716 

.1913 

|  20 

.  0152 

.  00722 

.1052 

9/ . 

I  30 

.0158 

. 00726 

.0725 

l  40 

.0162 

.00729 

.0555 

I  10 

.0162 

.00766 

.2166 

)  20 

.  0163 

.00766 

.1064 

93 . 

\  30 

.  0168 

.00792 

.  0766 

(  40 

.0172 

.00810 

.0531 

f  10 

.0149 

. 00S92 

.1671 

1  20 

.  0169 

. 00865 

.0977 

y4 . 

I  30 

.0169 

.  00865 

.0652 

(  40 

.  0169 

.00865 

.0489 

f  10 

.0196 

.  01018 

.  1925 

)  20 

.  0196 

.01051 

.0932 

i  30 

.0198 

. 01068 

.0617 

1  40 

.0199 

.  01093 

.  0455 

In  the  above  table  power  is  in  kilogram  meters  per  second,  and  other  units  are  metric  as 
previously  stated.  Such  variation  as  is  shown  in  the  thrust  or  power  coefficient  of  any  one 
propeller  is  believed  to  be  due  partly  to  warping  of  the  blades  when  under  load,  and  partly 
to  inaccuracy  of  observations.  The  latter  applies  to  values  of  ND  below  20.  Tests  show 
that  the  blades  when  under  maximum  load  (about  30  kilograms)  may  bend  f  inch  (1.5  centi¬ 
meters)  at  the  tip  which  may  change  the  tip  pitch  angle  2  degrees. 

Regarding  3^^  as  a  measure  of  efficiency  in  producing  standing  thrust,  it  may  be  seen 

that  it  varies,  between  ND  =  20  and  ND  =  50,  inversely  as  ND  for  any  one  propeller.  For 
ND  less  than  20  the  ratio  is  sometimes  smaller  and  sometimes  greater  than  would  be  derived 
by  the  application  of  this  rule. 

Propellers  of  the  smaller  pitch  have  the  larger  ratios,  p^--. 

Form  2  appears  superior  to  other  forms. 

The  wide  blades  (A2)  have  higher  ratios  than  the  narrow  ones  (Ax)  at  low  values 

of  ND,  but  at  high  values  of  ND  the  reverse  is  often  true. 

There  is  little  difference  between  propellers  of  uniform  and  expanding  pitch. 

Thrust 

Between  ND  =  20  and  ND  =  50,  the  noncambered  blades  give  higher  p^— --  than  the 
cambered  blades  of  the  same  form  and  section. 
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DEVELOPMENT  OF  AIR  SPEED  NOZZLES. 

By  A.  F.  Zahm. 


Pitot-venturi  nozzle  No.  1: 

General  features. 

Theory. 

Design  data. 

Manufacture. 

Calibration  for  head-on  velocity. 
Calibration  for  pitch  and  yaw. 
Test  for  waterproof  ness. 
Resistance  and  absorbed  power. 


CONTENTS. 

Miscellaneous  air-speed  nozzles: 
Gooseneck  nozzle  No.  1. 

The  Foxboro  pitot-venturi. 
Small-size  nozzle  of  No.  1  type. 
Small  Badin  single-throat  venturi. 
A  waterproof  pitot. 

A  high-suction  venturi. 
Double-throat  air-speed  nozzles. 

Badin  double  venturi. 

Hooded  double  pitot-venturi. 


PREFACE. 

The  work  here  outlined  was  done  to  develop  a  suitable  speed  nozzle  for  the  first  few 
thousand  airplanes  made  by  the  United  States  during  the  recent  war  in  Europe,  and  to  furnish 
a  basis  for  more  mature  instruments  in  the  future.  Forty  thousand  of  these  nozzles  were 
ordered  by  the  Government,  and  12,000  were  made  before  the  cessation  of  hostilities. 

The  preliminary  experiments  were  made  by  Messrs.  L.  Ofenstein  and  William  H.  Gornal; 
the  later  ones  by  Messrs.  L.  H.  Crook,  G.  J.  Chaillet,  and  R.  H.  Smith;  the  illustrations  were 
arranged  by  Messrs.  L.  Thoms  and  S.  S.  Rathbun;  all  aeronautical  assistants  in  the  Construc¬ 
tion  Department,  Washington  Navy  Yard. 

The  manufacture  and  inspection  of  the  first  nozzles  for  the  Government  were  supervised, 
respectively,  by  Naval  Constructor  William  McEntee,  U.  S.  N.,  for  the  Navy,  and  Maj.  C.  E. 
Mendenhall,  R.  C.  A.  S.,  for  the  Army.  Their  tests  supplied  some  of  the  tables  here  given  for 
the  performance,  in  laboratory  and  field,  of  the  final  standard  nozzles  joined  to  adequate 
pressure  gauges. 

Requirements. — To  provide  a  suitable  pressure  collector  for  aircraft  speed  meters  an  effort 
was  made,  early  in  1917,  to  develop  a  speed  nozzle  which  should  be  waterproof,  powerful, 
unaffected  by  slight  pitch  and  yaw,  rugged  and  easy  to  manufacture,  and  uniform  in  structure 
and  reading,  so  as  not  to  require  individual  calibration.  Existing  nozzles  had  not  all  these 
properties.  Some  exerted  feeble  pressure,  others  were  slow  and  costly  to  make,  and  none  were 
waterproof.  For  example  the  nozzles  shown  in  Figures  1  and  2,  though  valuable  under  favor¬ 
able  conditions,  are  neither  waterproof  nor  powerful  in  action. 


PITOT- VENTURI  NOZZLE  No.  1. 


General  features. — Figures  3  and  4  give  the  outward  appearance  and  structural  details 
of  nozzle  No.  1,  made  in  the  spring  of  1917.  A  single  casting,  fixed  by  its  flange  to  a  strut, 
comprises  two  laterally-downward  sloping  ducts,  one  terminating  in  a  small  pitot  elbow,  the 
other  ending  transversely  in  the  throat  of  a  double-cone  venturi  tube.  In  normal  working, 
the  air  blows  straight  into  the  pitot  mouth,  generating  therein  full  impact  pressure;  also  it 
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PIG.  1.— BRITISH  STANDARD  PITOT-STATIC  AIR  SPEED  NOZZLE. 
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PIG,  2.— OGILVIE  PITOT-STATIC  AIR  SPEED  NOZZLE. 
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FIG.  3.— SAND  CAST  ALUMINUM  P I  TOT- V  ENT  U  R I  NOZZLE  NO.  1. 
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blows  straight  through  the  venturi,  generating  in  its  throat  a  suction  many  times  as  intense  as 
said  impact  pressure.  The  pressure  and  suction  are  transmitted  through  their  respective 
ducts  to  the  two  nipples  at  the  strut,  and  thence  through  tubing  to  a  differential  pressure 
gauge  on  the  pilot’s  instrument  board.  The  gauge  is  so  graduated  as  to  give  ttie  true  speed 
through  air  at  normal  density. 

Theory. — The  gauge  of  a  pitot-venturi  is  actuated  by  the  difference  of  the  pressures  at  the 
pitot  mouth  and  the  venturi  throat.  The  first  pressure  increases  indefinitely  with  the  speed ; 
the  second  decreases  at  first  nearly  as  the  square  of  the  speed,  then  somewhat  asymptotically 
toward  zero.  An  adequate  theory  should  give  true  mathematical  expression  to  those  pressures.1 

For  all  speeds  the  total  pressure  in  the  pitot  mouth  may  be  written,  for  adiabatic  com¬ 


pression, 


V  =  V° 


(7--1)  PqV2\ 
2  7  Vo  ) 


y 

7  —  1 


(i) 


in  which  pQ,  v,  p0,  are  the  pressure,  speed,  and  density  in  the  unchecked  stream,  and  7  =  1.405. 
From  this  the  “full  impact”  pressure  at  any  speed  is 


p-po  =  Po  V2/2  +  (2) 

in  which  the  terms  after  p0F2/ 2  are,  to  within  1  per  cent  accuracy,  negligible  for  all  speeds  below 
155  miles  an  hour.  Table  I  shows  this.  For  the  present  experiments  pQ  is  taken  as  the  air 
density  at  30“  mercury,  70°  F.,  and  70  per  cent  humidity;  i.  e.,  0.07465  lbs.  cu.  ft.,  this  being 
the  standard  used  prior  to  1919.  In  Table  I  the  new  standard  density  is  used. 


Table  I. — Pressure  of  air  on  coming  to  rest  from  various  speeds,  computed  from  formula.1 


Air  speed  in 
in  meters 
per  sec. 

Barometric  plus  impact  pressure  in 
megadynes/sq.  cm. 

Impact  pressure  in  mm.  of  water. 

I  megadyne/sq.  cm.=  10206.72  mm. 
of  water.” 

Percentage 

difference. 

Incompressible 
p=14— 2~ 

Adiabatic 

p=  ( 1  +  .00000176361VJ)s-u 

Incompressible. 

Adiabatic. 

0 

1.000000 

1.000000 

0.00 

0.00 

0.00 

10 

1.000612 

1.000612 

6. 25 

6. 25 

0.00 

20 

1. 002446 

1. 002448 

24.97 

24.99 

0. 08 

30 

1.005504 

1. 005514 

56.18 

56. 28 

0. 18 

40 

1.009784 

1. 009817 

99.86 

100. 20 

0.34 

50 

1.015288 

1.  015369 

156. 04 

156.87 

0.  53 

60 

1.022014 

1.022185 

224. 69 

226. 44 

0.78 

70 

1. 029964 

1. 030282 

305.83 

309. 08 

1.07 

SO 

1.039136 

1.039680 

399. 45 

405.00 

1.39 

90 

1. 049532 

1. 050406 

505.56 

514. 48 

1.  76 

100 

1.061150 

1. 062486 

624. 14 

637. 78 

2. 18 

200 

1. 244600 

1. 266600 

2, 496.  56 

2,721.11 

9.  00 

300 

1.  550350 

1. 666557 

5, 617. 27 

6, 803. 36 

21. 11 

400 

1. 978400 

2. 367319 

9, 986. 25 

13, 955.  84 

39. 75 

500 

2.  528750 

3. 548021 

15,603.52 

26, 006.  94 

66.  67 

(7  — 1)/>oV2\ 


7/7— 1 


=  ( 1 + 0000017636 1 Vs)8  • 47 
p0=  1  megadyne/sq.  cm. 
po=  001223  gm./cu.  cm. 
7=1.405 

V=meters/second . 

1  megadyne/sq.  cm.=  10206.72  mm.  of  water. 
g=  980.6  dynes 
t=  15°  C.  water  temperature. 


A  true  theory  of  the  venturi  part  should  treat  of  both  the  outer  and  inner  flow  along  the 
tube.  For  the  outer  flow  no  mathematical  expression  is  available,  and  none  is  here  attempted; 
for  the  inner  flow  there  is  an  orthodox  theory  based  on  Bernouilli’s  equation  and  the  principle 

1  The  pitot  and  venturi  tubes  have  an  extensive  literature.  A  sufficient  account  of  their  history  and  orthodox  “internal"  theory,  but  nothing 

of  their  “external"  theory  is  given  in  report  No.  2  of  the  National  Advisory  Committee  for  Aeronautics. 
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FIG.  5— SUCTION  INCREASE  WITH  LENGTHENING  OF  REAR  VENTURI  CONE, 
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of  continuity.  It  teaches  that,  for  all  airplane  speeds  for  which  the  air  compression  is  negligible, 
the  mean  velocity  through  the  tube  varies  inversely  as  the  cross-sectional  area;  also  that  the 
change  of  pressure  along  a  stream  line  is  proportional  to  the  change  of  the  velocity  square. 
This  theory  may  be  valid  for  the  flow  entirely  within  a  suitably  designed  tube,  but  indicates 
nothing  as  to  the  speed  of  entry  or  pressure  of  exit  of  the  air.  It  is  obvious  that  the  speed  of 
entry  at  the  front  cone  depends  on  the  suction  outside  the  base  of  the  rear  cone. 

Design  data. — To  employ  experiment  in  lieu  of  theory,  a  short  venturi  of  usual  inside  pro¬ 
portions,  as  shown  from  a  to  b  in  Figure  5,  was  taken  as  a  starting  base.  This  was  lengthened 
by  inserting  in  its  rear  a  paper  cone  which  could  be  shortened  by  clipping  off  successive  seg¬ 
ments.  The  resulting  curve  given  in  the  diagram  shows  that  the  suction  steadily  increased 
with  length  of  cone  up  to  an  elongation  of  3  inches,  after  which  the  gain  was  immaterial.  This 
3-inch  extension  was  adopted  in  the  finished  design.  The  base  of  the  cone  was  now  flared 
trumpetwise  by  adding  wax  and  thus  acquired  10  per  cent  greater  suction.  The  front  cone 
was  not  improved  but  rather  injured  by  lengthening  or  flanging.  Table  II  portrays  the  loss 
of  suction  as  the  front  cone  is  lengthened ;  also  the  gain  as  the  rear  cone  is  lengthened. 

Having  thus  found  suitable  main  dimensions  for  the  tube,  some  attention  was  given  to 
the  throat  and  side  duct  leading  therefrom.  A  cylindrical  throat  all  across  the  duct  gave 
much  less  suction  than  one  extending  aft  only  half  across  the  duct.  A  large  duct  gave  slightly 
less  suction  than  a  small  one,  but  had  the  advantage  of  being  waterproof.  This  waterproofness 
is  illustrated  by  Table  III,  presenting  experimental  data  which  show  the  pressure  required  to 
burst  clean  water  films  from  the  ends  of  brass  tubes  of  various  sizes. 

Table  II. — Suction  in  throat  of  venturi-pitot  No.  l,for  various  lengths  of  front  and  rear  cones,  at  40  miles  an  hour. 


Length  of  cone 
m  inches. 

Suction 
in  inches 
of  water. 

Front  cone: 

1.00 . 

1.89 

1.25 . 

1.85 

1.50 . 

1.83 

1.75 . 

1.82 

2.00 . 

1. 81 

Rear  cone: 

5.00 . 

1. 69 

5. 50 . 

1.76 

6.00 . 

1.82 

6. 50 . 

1.87 

7.00 . 

1.90 

7.50 . 

1.93 

8.00 . 

1.935 

8.50 . 

1.94 

9.00 . 

1.95 

9.50 . 

1.955 

10. 00 . 

1.96 

Table  III. — Bursting  pressure  for  water  films  on  end  of  clean  brass  tubes  ljS2  inch  thick. 


Diameter  of  tubes,  in  inches. 

.1 

.2 

.3 

.4 

.5 

Bursting  pressure,  inches  of  water. . . . 

.510 

.206 

.140 

.082 

.061 

On  this  hint  the  duct  was  made  7/16  inch  in  diameter,  the  largest  size  that  could  be  neatly 
reamed  transversely  into  a  half -inch  throat,  and  the  smallest  that  would  be  waterproof  and 
convenient  for  die  castiug  or  sand  coring.  The  ducts  were  sloped  to  shed  water  that  might 
enter  from  dashing  spray.  Varying  the  throat  diameter  one-thousandth  inch  makes  a  per- 
oeptable  change  in  the  reading.  Hence  dirt  in  the  throat  causes  error,  this  being  greater  the 
smaller  the  bore.  A  fine  screw,  inserted  through  the  throat  wall  opposite  the  duct  mouth, 
could  be  used  to  adjust  the  intensity  of  suction  by  altering  the  flow  in  the  throat,  but  this  device 
was  found  unnecessary,  as  the  tubes  could  be  so  accurately  made  as  to  read  practically  all  alike 
without  adjustment. 
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Manufacture. — For  cheapness,  speed ,  and  accuracy  in  making  these  tubes,  three  processes 
were  tried — die  casting,  copper  depositing,  sand  casting  with  subsequent  reaming.  Samples 
so  produced  and  ail  satisfactory  are  shown  in  Figures  3,  6,  7.  The  die  castings  were  to  be 
made  of  aluminum  or  tin  alloy  at  the  rate  of  four  per  minute  with  one  die,  all  true  to  1/1000 
inch  inside,  and  at  a  remarkably  low  cost.  But  after  sending  a  few  good  samples  the 
manufacturer  canceled  his  contract,  owing  to  the  press  of  other  work  and  the  cost  of  per¬ 
fecting  a  suitable  die.  The  samples  were  die  cast  in  two  parts,  telescoping  together  near  where 
the  single  duct  joins  the  venturi.  The  sand-cast  nozzle  is  accurately  reamed  in  its  venturi 
part  and  where  its  duct  enters  the  throat;  at  the  flange  end  it  is  tapped  for  nipples,  drilled  for 
clamp  screws,  plugged  at  the  outer  ends  of  its  ducts.  The  copper-deposited  tubes  were  accurate 
without  reaming,  and  had  the  advantage  of  resisting  sea  water  better  than  the  cast  tubes, 
which,  for  lightness,  were  made  of  aluminum.  The  copper  nozzle  was  made  in  three  parts 
soldered  together — a  cast  flange,  the  pitot  mouth  and  duct,  the  venturi  and  its  duct.  The 
pitot  and  the  venturi  each  was  formed  by  copper  plating  soft  metal  cores  which  had  been  cast 
in  very  accurate  steel  dies  and  could  easily  be  melted  out  of  their  copper  coats.  The  aluminum 
and  the  copper  nozzles  each  weighed  about  12  oimces,  the  latter  having  much  thinner  walls. 
Smaller  sizes  were  made  subsequently,  partly  for  lightness,  partly  for  lessening  the  air  resistance. 
But  these  could  not  be  cast  all  in  one  piece.  Hence  the  ducts  were  made  of  narrow-drawn 
tubes  joining  the  venturi  and  flange  as  had  been  done  with  the  earliest  experimental  nozzles 
made  during  this  study. 

Calibration  for  bead-on  velocity. — The  nozzle  No.  1  was  calibrated  first  in  the  wind  tunnel, 
then  in  an  airplane  ftying  over  a  measured  course.  In  the  tunnel  the  tube  to  be  tested  was  placed 
beside  the  standard  Navy  pitot  in  a  uniform  wind  held  at  various  fixed  speeds.  The  differen¬ 
tial  pressures  in  both  nozzles  were  read  on  alcohol  manometers.  The  true  speed  was  assumed 
to  be  given  by  the  standard  tube  on  application  of  formula  (2).  The  differential  pressure 
readings  of  the  venturi-pitot  were  then  plotted  against  the  computed  speed,  and  used  to  gradu¬ 
ate  the  gauge  of  the  speed  meter.  In  the  field  test  readings  were  taken  of  the  speed-meter 
gauge,  the  air  conditions  and  the  time  over  a  measured  course  with  and  against  a  light  breeze. 
The  gauge  readings  were  then  plotted  against  the  airplane’s  speed  as  computed  from  the  course 
observations.  The  error  made  in  ignoring  the  air’s  compressibility  may  be  judged  from  Table  I. 

Calibration  data  for  graduating  the  pressure  gauges  of  air-speed  meters  using  nozzle  No.  1 
are  given  in  Table  IV.  It  was  formed  from  careful  tests,  in  the  4'  by  8'  tunnel,  of  several 
copper  and  several  aluminum  tubes,  at  all  speeds  from  30  to  150  miles  an  hour.  It  indicates 
that  the  pressure  difference  increases  closely  as  the  square  of  the  speed  from  30  to  130  miles  an 
hour,  after  which  it  increases  less  rapidly,  if  the  Navy  standard  pitot  be  true.  The  standard 
pitot-static  nozzle  of  the  United  States  Navy  differs  slightly  from  the  British  standard  in  size 
and  shape,  but  gives  the  same  differential  pressure  at  all  speeds  from  zero  to  more  than  160 
miles  an  hour. 

Table  IV. — Calibration  data  for  speed  nozzle  No.  1. 

I  Air  density=  .07465  lbs.  cu.  ft.) 


Air  speed  miles  an 
hour  by  Navy  pitot. 

Differen¬ 
tial  pres¬ 
sure  in 
inches  of 
water. 

Component  pressures. 

Pitot. 

Venturi. 

30 . 

2. 72 

0.43 

-2.29 

40 . 

5.02 

0. 76 

-4.26 

50 . 

7.89 

1.18 

-6.  71 

60 . 

11.55 

1.70 

-9.85 

70 . 

15.80 

2. 33 

-13.47 

80 . 

20.60 

3.04 

-17.56 

90 . 

26. 10 

3.85 

-22. 25 

100 . 

32. 25 

4.  75 

-27.50 

110 . 

39. 10 

5.  75 

-33.35 

120 . 

46.00 

6.85 

-39. 15 

130 . 

53. 10 

8.07 

-45. 03 

140 . 

60.05 

9.37 

-50.68 

FIG.  6—  DIE-CAST  ALUMINUM  PITOT-VENTURI  NOZZLE  NO.  1. 
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The  reamed  aluminum  tubes  made  from  sand  castings,  and  unreamed  copper-deposited 
tubes,  gave,  in  the  wind-tunnel  tests  at  60  miles  an  hour,  air-speed  readings  agreeing  with  the 
standard  venturi-pitot  to  a  fraction  of  1  knot.  This  is  illustrated,  for  20  samples  of  each  kind 
in  Table  V  taken  from  the  routine  inspection  records  made  at  the  Washington  Navy  Yard  to 
check  the  inspection  tests  at  the  factory.  The  few  die-cast  samples,  though  unreamed,  exhibit 
a  like  accuracy  and  about  the  same  values.  Their  calibration  line  presented  in  Figure  18  is  for 
tubes  not  yet  given  structure  inspection. 


Table  V .  —Inspection  test  readings  of  speed-nozzle  No.  1  for  head-on  speed  in  wind  tunnel. 

[True  air  speed,  60  knots.) 


Aluminum  nozzle 
serial  number. 

Indicated 
wind 
speed  in 
knots. 

1969 . 

59.9 

1970  . 

59.3 

1971 . 

59.9 

1972 . 

59.9 

1973 . 

59.9 

1974  . 

59.3 

1975 . 

60.4 

1976 . 

59.9 

1977 . 

59.4 

1978 . 

60.5 

1979 . 

59.9 

1980 . 

60.3 

1981 . 

60.3 

1982 . 

59.9 

1983 . 

60.9 

1984  . 

59.9 

1985 . 

59.9 

1986 . 

60.5 

1987 . 

59.3 

1988 . 

60. 4 

Mean . 

59.985 

Copper  nozzle  serial 
number. 

Indicated 
wind 
speed  in 
knots. 

1794 . 

59.2 

1795 . 

60.2 

1796 . 

59.2 

1797 . 

60.7 

1798 . 

61.0 

1799 . 

59.7 

1800 . 

61.2 

1801 . 

60.2 

1802 . 

59.2 

1803 . 

59.7 

1804 . 

59.4 

1805 . 

CO.  7 

1806 . 

59.7 

1807 . 

60.2 

1808 . 

60.0 

1S09 . 

60.2 

1810 . 

59.2 

1811 . 

00.0 

1812 . 

59.2 

1813 . 

61.2 

Mean . 

60.05 

When  a  nozzle  varies  more  than  1  knot  from  the  true  speed  it  is  rejected,  unless  retest  or  a 
structure  inspection  shows  that  the  error  can  be  corrected.  The  fact  that  the  mean  reading 
for  many  tubes  varies  less  than  one-tenth  of  a  knot  from  the  standard,  indicates  that  the  indi¬ 
vidual  variations  may  be  test  errors  rather  than  structural. 

The  reports  of  field  tests  manifest  a  fair  agreement  between  the  airplane  speed  indicated 
by  the  speed  meter  and  that  computed  from  the  mean  speed  over  a  measured  course.  Table  VI 
summarizes  the  results  of  such  a  test  made  at  McCook  Field  by  members  of  the  Instrument 
Division  of  the  United  States  Army,  with  a  No.  1  nozzle  joined  to  a  Foxboro  gauge.  The 
readings  of  the  gauge  were  corrected  for  barometric  pressure,  but  not  for  temperature  or 
humidity. 


Table  VI. — Summary  of  airplane  speeds  as  indicated  by  Nozzle  1  and  Foxboro  gauge ,  and  computed  from  time  over  a 

measured  course. 


Date  and  meter. 

Barom¬ 

eter. 

Speed  in¬ 
dicated 
by  gauge, 

m.  p.  h. 

Same  cor¬ 
rected  for 
barom¬ 
eter. 

Speed 
from  time 
over 

measured 

course. 

May  1,  No.  261 . 

29.52 

117.8 

119.7 

118.1 

May  5,  No.  261 . 

29. 02 

112 

115.8 

116.8 

Mav  5,’  No.  261 . 

29.02 

116 

120 

117.5 

May  8,  No.  720 . 

29. 06 

118.5 

122 

120 

May  8,  No.  059 . 

29.03 

125.3 

129 

126.5 

May  8^  No.  720 . 

29.02 

124 

128 

129 

Calibration  in  pitch  and  yaw.— A  sample  of  the  No.  1  nozzle  was  mounted  on  the  side  of  an 
airplane  strut  in  the  8'  by  8'  tunnel  to  find  the  change  of  indicated  speed  caused  by  pitching 
and  yawing.  To  produce  this  change  of  incidence  the  strut  bearing  the  nozzle  was  turned 
slightly  each  way  about  the  throat  as  center.  The  results  are  given  in  Table  VII,  and  show  that 
the  indicated  speed  varies  from  the  true  by  less  than  1  mile  an  hour  as  the  incidence  varies 
from  8°  to  -8°  in  pitch  and  from  4°  to  -8°  in  yaw;  that  is  over  a  range  of  16°  in  pitch,  12° 
in  yaw. 


328 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  EOR  AERONAUTICS 


Table  VII. — Indicated  speeds  for  various  incidences  in  pitch  and  yaw  for  copper  speed  nozzle  No. 

70  miles  an  hour. 


1  in  a  wind  fixed  at  40  and 


PITOT  NOlXltNOl 


N.TUSI  ■'Pi 


VtNTORii  ;  Pitot-  Noxzue  HoJ 


Incidence. 

Pitch. 

Yaw. 

40  miles 
per  hour. 

70  miles 
per  hour. 

40  miles 
per  hour. 

70  miles 
per  hour. 

14° . 

41.4 

71.1 

40.5 

69.5 

12° . 

41.4 

71.05 

40.6 

69.5 

10° . 

40.8 

71.0 

40.7 

69.6 

8° . 

40.  65 

70.8 

40.9 

69.7 

6° . 

40.5 

70.7 

41.2 

69.9 

4° . 

40.2 

70.25 

41.0 

70.25 

2° . 

40.1 

70.25 

40.6 

70.25 

0° . 

40.0 

70.0 

40.0 

70.0 

-2° . 

40.1 

70.25 

40.1 

70.05 

-4° . 

40.2 

70. 35 

40.2 

70.1 

-6° . 

40.65 

70.50 

40.6 

70.2 

-8° . 

40.8 

70.  55 

40.9 

70.4 

-10° . 

41.15 

70.6 

41.2 

70.6 

-12° . 

41.0 

70.7 

41.3 

71.5 

-14° . 

41.0 

70.6 

41.4 

73.0 

FIG.  8.— RESISTANCE  AND  ABSORBED  POWER  FOUND  FOR  NOZZLES  NO.  1,  LARGE  AND  SMALL 
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FIG.  12.  SMALL-SIZE  NOZZLE  NO.  1  TYPE. 
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FIG.  1  3  . — COP  PER -PRO  DUCTS  CO.  NOZZLE  NO.  1. 
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Test  for  waterproof  ness.- — To  ascertain  whether  in  use  the  tubes  would  have  their  side  duct 
coated  with  a  water  film,  they  were  first  cleaned  of  oil,  then  exposed  to  a  spray  of  hydrant 
water  in  the  wind  tunnel  in  an  air  current  of  40  miles  an  hour.  In  such  tests  nozzle  No.  1 
never  clogged ;  the  nozzles  of  other  makes,  with  fine  static  holes,  always  clogged  by  the  forma¬ 
tion  of  a  film  over  the  apertures.  Reports  from  sea  tests  also  affirm  that  in  practice  a  film  never 
forms  over  the  seven-sixteenth-inch  duct. 

Resistance  and  absorbed  power. — The  air  resistance  and  horsepower  absorbed  are  given  in 
Figure  8  for  nozzle  No.  1  and  a  smaller  one  of  similar  make  to  be  described  presently.  These 
measurements  are  to  be  extended  to  higher  speeds.  They  indicate  that  the  resistance  increases 
slightly  less  than  as  the  square  of  the  speed;  also  that  the  large  tube  has  rather  more  than 
twice  the  resistance  of  the  smaller.  This  item  is  not  negligible  for  small  airplanes  of  highest 
speed.  At  70  miles  an  hour  the  small  nozzle  No.  1  absorbs  0.07  horsepower,  the  large  one  0.16. 

MISCELLANEOUS  AIRSPEED  NOZZLES. 

Incidental  to  the  work  on  No.  1,  various  other  forms  of  speed  nozzle  were  developed.  These 
had  for  salient  features  convenience  or  suitability  of  placement,  or  lightness,  or  minimum 
air  resistance,  etc. 

Gooseneck  nozzle  No.  1. — Figures  9  and  10  illustrate  a  modified  form  of  nozzle  No.  1 
designed  to  protrude  forward  of  a  wing  strut,  so  as  to  encounter  less  disturbed  air,  have  less 
resistance,  and  still  have  waterproofness  and  great  suction  power.  The  impact  or  pitot  noz¬ 
zle  is  close  to  the  strut  and  joins  the  up-pointing  pressure  nipple  at  the  top  of  the  base 
casting  which  is  lashed  fast  with  cords.  The  venturi  duct  rises  vertically  from  the  venturi 
throat,  then  turns  sharply  aft  some  2  feet,  running  horizontally  through  the  protruding  horn 
of  the  base  casting  to  the  down-pointing  suction  nipple.  The  pitot  reads  the  same  whether 
near  to  or  far  before  the  strut.  The  venturi,  to  escape  blanketing,  must  be  placed  with  its 
base  about  2  feet  before  a- 2  by  6  inch  strut.  The  diagram  in  Figure  10  shows  how  the  venturi 
loses  suction  as  its  base  approaches  the  strut  nearer  than  2  feet. 

The  Foxboro  venturi- pitot. — Some  weeks  after  the  test  of  the  foregoing  tube,  the  Foxboro  Co. 
presented  for  test  the  gooseneck  venturi  portrayed  in  Figure  11.  This  nozzle  has  the  merit 
of  lightness,  scant  resistance,  and  ample  suction  power.  It  consists  of  an  ordinary  forward 
protruding  venturi  whose  front  cone  is  covered  with  a  thin  tube  of  slightly  larger  diameter, 
leaving  between  it  and  the  underlip  of  the  cone  a  crescent-shaped  opening.  The  under  cavity 
receives  the  air  impact  and  transmits  it  around  the  neck  of  the  cone  to  the  small  impact  pipe 
running  thence  to  the  pressure  gauge.  The  suction  pipe  connects  with  the  venturi  throat  in 
the  usual  way.  Besides  the  possible  film  in  the  venturi  duct,  two  other  features  of  this  nozzle 
are,  (1)  it  is  blanketed  by  the  strut;  (2)  a  heavy  spray  can  easily  cause  a  flooding  of  the  duct 
of  the  pitot  part. 

Small-size  nozzle  No.  1  type. — Figure  12  portrays  a  nozzle  of  about  half  the  linear  size  of  the 
No.  1,  made  by  the  same  manufacturer,  more  especially  for  the  United  States  Army,  and  intended 
to  have  less  weight  and  air  resistance.  It  was  made  in  the  latter  part  of  1918  under  the  direction 
of  Maj.  C.  E.  Mendenhall,  R.  C.  A.  S.  The  venturi  is  a  reamed  bronze  casting;  the  supporting 
base  is  of  stamped  sheet  steel;  the  remainder  is  of  drawn  tubes  bent  through  the  base  and  sol¬ 
dered  therein.  The  ducts,  though  sloping  laterally  downward,  as  in  nozzle  No.  1,  are  not 
waterproof  at  all  airplane  speeds,  because  their  lower  ends  can  be  clogged  with  a  water  film, 
not  perhaps  when  new  and  oily,  but  certainly  after  aging. 

By  trial  it  was  found  that  a  film  over  the  venturi  duct  can  withstand  a  steady  resultant 
pressure  of  0.44  of  an  inch  of  water.  This  is  4  per  cent  of  the  differential  pressure  reading  at 
60  miles  an  hour,  16  per  cent  of  the  reading  at  30  miles  an  hour.  A  like  error  may  be  caused 
by  a  film  at  the  mouth  of  the  small-bore  pitot  part.  The  two  films  will  usually  conspire,  thus 
practically  doubling  the  error  due  to  either.  When  subjected  to  a  gentle  spray  of  water  in 
the  wind  tunnel  at  45  miles  an  hour  this  nozzle  promptly  gave  readings  false  by  over  10  per 
cent,  due  to  a  film  in  the  venturi  duct,  and  a  like  error  due  to  a  film  over  the  pitot  mouth.  A 
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heavier  spray  completely  filled  the  pitot  duct  and  its  connecting  tube,  a  mishap  which  in  prac¬ 
tice  would  cause  an  indefinitely  large  error.  No  exact  data  are  at  hand  to  indicate  how  severe 
the  dousing  of  the  pitot  is  over  rough  water  or  in  a  rainy  sky.  It  must  be  remembered  that 
the  impact  of  a  raindrop  is  800  times  that  of  the  same  volume  of  standard  air. 

The  readings  of  this  instrument,  compared  with  simultaneous  readings  of  the  larger  nozzle 
No.  1,  are  given  in  Table  VIII,  and  indicate  that  for  all  speeds  from  60  to  130  miles  an  hour  a 
common  gauge  can  be  made  for  the  two  nozzles  that  shall  indicate  the  same  speed  to  within 
less  than  1  mile  an  hour.  The  two  differential  pressure  columns  in  Table  VIII  were  obtained 


FIG.  10.— EFFECT  OF  STRUT  IN  REAR  OF  VENTURI  TUBE. 

by  two  different  experimenters  in  different  tunnels  with  different  measuring  instruments. 
The  nozzles  will  be  tested  together  in  the  same  tunnel  through  a  greater  range  of  speeds. 

Table  VIII. — Differential  pressures  at  various  speeds  in  Nozzle  No.  1,  large  and  small  types. 


Wind  tunnel  speed, 
by  standard  Navy 
Pitot,  miles  per 
hour. 

Differential 
pressure,  inches 
of  water. 

Speed  difference. 

Nozzle 
No.  1, 
large. 

Nozzle 
No.  1, 
small. 

Per  cent. 

Miles 

per 

hour. 

60 . 

11.55 

11.00 

2.5 

1.5 

70 . 

15.80 

15. 20 

2.0 

1.4 

80 . 

20. 60 

20. 05 

1.5 

1.2 

90 . 

26. 10 

25. 40 

1.0 

.9 

100 . 

32. 25 

31.45 

1.2 

1.2 

110 . 

39.10 

38.00 

1.3 

1.43 

120 . 

46.00 

46. 25 

-  .7 

-  .84 

130 . 

53. 10 

53.20 

-  .1 

-  .13 

140 . 

60. 05 

61.90 

-1.5 

-2. 10 

150 . 

71.10 

160 . 

80.60 

331—1  FIG.  1  5.— SINGLE-THROAT  P  ITOT -V  ENT  U  R  l  WITH  LARGE  FLARE  AT  REAR. 
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FIG.  17.— BADIN  DOUBLE-THROAT  VENTURI  WITH  FLARED  END. 
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Figure  13  shows  a  small-size  nozzle  of  No.  1  type  made  by  the  Copper  Products  Co.  A 
tetrapod  cast-brass  flange  supports  the  usual  copper-deposited  pitot  and  venturi  portions,  the 
pitot  stem  being  of  streamline  form  and  covering  the  venturi  stem,  which  is  a  small  round  tube. 
Both  stems  are  soldered  to  the  venturi  neck  and  to  the  brass  flange.  At  60  miles  an  hour 
this  nozzle  reads  the  same  to  within  a  fraction  of  1  mile,  as  the  airstream  varies  in  pitch  and 
yaw  through  10°  positive  and  negative. 

Small  French-type  single  throat  pitot-venturi. — Figure  14  shows  a  French  pitot-venturi 
which  normally  has  a  cylindrical  lube  too  slightly  flared  in  its  rear,  and  which,  in  the  present 
study,  was  flared  like  that  in  nozzle  No.  1,  to  ascertain  the  increase  of  head  so  obtainable. 
Table  IX  gives  the  suction  readings  for  both  the  original  venturi  part  and  the  more  flared 
form,  and  indicates  that  the  latter  shape  is  50  per  cent  the  more  effective.  Further  increase 
of  flare  did  not  improve  the  suction. 


Table  IX. — Suctions  in  inches  of  water  for  slightly  flared  and  more  flared  venturi. 


Wind  speed,  miles  per 
hour. 

Conditions  of  tube. 

Slightly 

flared. 

More 

flared. 

30 . 

1.97 

2.81 

35 . 

2.  70 

4. 01 

40 . 

3.52 

5. 01 

45 . 

4. 45 

6.65 

50 . 

5.50 

8.15 

55 . 

6.  65 

10.00 

60 . 

7. 95 

12. 15 

65 . 

9. 35 

14. 25 

The  French  instrument  was  composed  of  many  parts,  the  stem  being  a  folded  brass  sheet 
soldered  to  its  supporting  flange  and  bolted  to  a  lug  on  the  venturi,  while  the  latter  element 
was  composed  of  four  separate  parts.  A  similar  instrument,  developed  in  this  study,  with 
its  body,  stem,  and  flange  cast  in  one  piece,  is  shown  in  Figure  15,  and  weighs  slightly  over 
2  ounces.  Its  stem  was  intended  to  have  a  form  of  minimum  resistance.  Both  instruments 
have  detachable  front  cones,  and  both  have  very  fine  ducts,  hence  are  not  water-proof.  Their 
readings  approximate  those  of  nozzle  No.  1. 

A  water-proof  pitot. — For  awhile  there  w'as  some  demand,  for  use  on  very  fast  airplanes, 
for  a  speed  nozzle  whose  impact  mouth  should  be  as  usual,  but  whose  other  member  should 
give  the  true  barometric  pressure  of  the  undisturbed  air.  To  that  end  a  thin-walled  ^2-inch 
cylinder,  provided  with  the  usual  Yj-inch  side  duct  was  substituted  for  the  venturi  part  of 
speed  nozzle  No.  1.  By  coning  its  rear  end  inward  or  outward,  the  cylinder  could  be  made  to 
give,  in  the  side  duct,  either  the  true  barometric  pressure  or  a  considerable  excess  or  defect 
thereof.  This  new  nozzle  was,  of  course,  water-proof. 

A  high-suction  venturi. — To  furnish  power  for  a  gyroscope  there  has  been  need  for  a  nozzle 
giving  stronger  suction  than  is  conveniently  attainable  with  ordinary  nozzles.  The  need  was 
met  by  attaching  a  tiny  single-throat  venturi  at  each  of  two  opposite  tips  of  a  small  windmill 
having  hollow  spokes  joined  to  a  hollow  shaft,  the  venturi  axes  pointing  in  the  direction  of 
the  relative  air  velocity.  In  a  wind  of  60  miles  an  hour  the  suction  was  52  inches  of  water,  with 
zero  volume  delivery,  and  less  as  the  volume  delivery  increased.  The  suction  was,  in  fact, 
about  twice  that  of  a  good  double-throat  flared  venturi,  and  about  four  times  that  of  a  well 
flared  single- throat  one,  as  may  be  inferred  from  Tables  IX,  X. 

DOUBLE-THROAT  AIRSPEED  NOZZLES. 

For  slow-speed  air-craft  a  nozzle  more  powerful  than  the  single-throat  venturi  seemed 
desirable.  It  was  therefore  sought  to  render  water-proof  a  double-throat  venturi  of  known 
design. 

Badin  double  venturi. — Figures  16  and  17  show  a  Badin  venturi  of  good  design,  with  and 
without  flared  rear,  and  without  pitot  accompaniment.  Table  X  gives  its  suction  readings  for 
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both  forms  at  various  speeds.  The  flare  increases  the  reading  about  20  per  cent,  and  at  60 
miles  an  hour  makes  it  .2.8  times  the  suction  alone  of  nozzle  No.  1. 


Table  X. — Suction  of  flared  and  unflared  Badin  double  venturi ,  in  inches  of  water. 


Air  speed,  miles  per 
hour. 

Original 

Badin 

venturi. 

Same 
with 
rear  end 
flared. 

20 . 

1.95 

2.34 

30 . 

4.85 

5.70 

35 . 

6.80 

8. 75 

40 . 

9. 10 

11.30 

45 . 

11.80 

14.80 

50 . 

14.90 

18.05 

55 . 

18.40 

22. 15 

60 . 

22. 30 

26. 55 

65 . 

26.60 

32.45 

70 . 

31.20 

36. 15 

Hooded  double-throat  pitot-venturi. — To  render  the  Badin  speed  nozzle  waterproof,  while  still 
retaining  much  of  its  suction  power,  it  was  transformed  into  the  instrument  depicted  in  Figures 
18  and  19.  In  principle  it  now  consists  of  an  ordinary  double-throat  venturi  reversed  in 
direction,  its  smaller  end  inserted  in  a  dry-air  cistern,  its  larger  end  capped  with  a  tee-tube 
which  serves  both  to  increase  the  suction  and  to  shield  the  venturi  from  rain. 

The  wind  driving  into  the  rectangular  slot  of  the  cistern  strikes  a  wire  screen  and  dashplate 
designed  to  remove  the  raindrops;  thence  passes  upward,  then  forward  through  the  regular 
venturi;  thence  into  the  tee  pipe,  where  it  divides  right  and  left,  finally  emerging  from  rectan¬ 
gular  slots  at  the  rear  thereof.  The  impact  pressure  is  collected  from  a  nipple  at  the  top  of  the 
cistern,  as  shown.  A  tube  leading  from  the  throat  of  the  smaller  venturi  collects  the  suction. 
The  base  of  the  instrument  is  provided  with  lugs  for  attachment  to  a  pole  protruding  from  the 
car  or  rigging  of  a  dirigible. 

Figure  19  presents  the  calibration  curve  of  this  instrument  for  all  speeds  from  20  to  70  miles 
an  hour;  also  that  of  the  standard  die-cast  nozzle  No.  1,  for  comparison.  In  both  the  resultant 
pressure  difference  varies  directly  as  the  square  of  the  velocity  at  speeds  from  30  to  70  miles  an 
hour,  the  highest  available  in  the  8'  x  8'  tunnel. 

Table  XI  presents  the  indicated  speeds  in  a  40-mile  wind  at  all  incidences  in  pitch  and  yaw 
from  0°  to  10°  positive  and  negative.  The  yaw  column  indicates  no  variation  in  speed  for 
changes  of  incidence  from  0°  to  10°;  the  pitch  column  indicates  an  increase  of  less  than  one- 
fourth  mile  per  hour  as  the  nose  of  the  instrument  is  canted  up  7°  and  a  decrease  of  less  than 
1  mile  per  hour  as  it  is  canted  down  7°.  This  latter  variation  is  doubtless  due  to  the  blanket¬ 
ing  of  the  rectangular  slot  of  the  cistern,  and  might  be  obviated  by  lowering  the  slot. 

Table  XI. — Indicated  air  speed  in  pitch  and  yaw  with  hooded  double  venturi,  wind  speed  in  tunnel  40  miles  per  hour. 


Angle  of  venturi  axis 
to  wind. 

Read¬ 
ings  in 
pitch. 

Read¬ 
ings  in 
yaw. 

10 . 

40.5 

40.0 

8 . 

40.3 

40.0 

6 . 

40. 15 

40.0 

4 . 

40.0 

40.0 

2 . 

40.0 

40.0 

0 . 

40.0 

40.0 

-  2 . 

39.8 

40.0 

—  4 . 

39.5 

40.0 

—  6 . 

39.3 

40.0 

—  8 . 

39.0 

40.0 

-10 . 

38.8 

40.0 

The  tee-cap  alone  in  a  40-mile  wind  was  found  to  exert  a  constant  suction  as  it  pitches  and 
yaws  8°  either  way  from  the  head-on  direction.  This  in  a  measure  corroborates  the  results 
published  by  Drs.  Finzi  and  Soldati,  in  1902,  in  their  pamphlet  “Esperimenti  Sulla  Dinamica 
dei  Fluidi,”  in  which  they  show  that  the  pressure  distribution  over  the  rear  surface  of  a  cylinder 
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held  squarely  across  the  wind  is  constant.  They  gave  no  readings,  however,  for  a  cylinder  held 
oblique  to  the  wind.  The  present  study  indicates  also  that  the  pressure  distribution  all  around 
a  cylinder  is  practically  the  same  when  the  axis  is  normal  to  the  wind  as  when  at  80°  or  85° 
thereto.  This  fact  was  noted  when  using  a  perforated  cylinder  as  an  incidence  meter  in  the 
tunnel  to  find  the  wind  direction,  as  suggested  by  those  two  experimenters  and  later  tried  by 
others.  Table  XII  gives  the  pressure  distribution  so  found. 

Table  XII. — Air  pressure  distribution  around  a  cylinder  placed  across  a  uniform  air  stream.  Cylinder  five-eighths  inch 
diameter ;  perforation  in  its  side  1  millimeter  in  diameter  and  6  inches  from  its  end;  air  speed  40  miles  an  hour;  air  den¬ 
sity  0.07465  pound  per  cubic  foot. 


Inclination  of 
wind  to  axis  of 
hole  inside  of 
cylinder  (de¬ 
grees). 

Kinetic  pressure  at  side  hole  in  inches  of  alcohol. 
Specific  gravity  of  alcohol,  0.829. 

Inclination  of 
cylinder,  (90° 
to  wind). 

Inclination  of 
cylinder,  (85° 
to  wind). 

Inclination  of 
cylinder,  (80° 
to  wind). 

0 

1.015 

1.020 

1.015 

1 

1.015 

1.020 

1.020 

2 

1.015 

1.020 

1.015 

4 

1.000 

1.000 

1.000 

6 

.985 

.985 

.990 

8 

.965 

.965 

.965 

10 

.935 

.935 

.935 

12 

.895 

.900 

.900 

14 

.850 

.845 

.850 

16 

.795 

.795 

.805 

18 

.750 

.745 

.750 

20 

.675 

.670 

.685 

22 

.610 

.600 

.615 

24 

.525 

.525 

.540 

26 

.450 

.445 

.465 

28 

.370 

.360 

.380 

30 

.280 

.270 

.290 

35 

.040 

.050 

.060 

40 

-  200 

—  200 

—  175 

45 

-.435 

—  435 

—  410 

50 

-.660 

—  660 

-.635 

55 

-.860 

-.855 

-.825 

60 

-1.010 

-1.010 

—  975 

65 

-1.100 

-1.100 

-1.065 

70 

—1.115 

-1.120 

-1.100 

75 

-1.080 

-1.090 

-1.085 

80 

-1.030 

-1.030 

-1.030 

85 

—  .950 

-.960 

-.965 

90 

-.925 

—  930 

—  920 

100 

—  900 

-.905 

-.900 

no 

—  910 

-.910 

-.900 

120 

-.920 

-.920 

-.910 

130 

-.935 

-.935 

—  930 

140 

-.940 

—  .945 

—  935 

150 

-.960 

-.960 

-.955 

160 

-.965 

-.970 

-.955 

170 

-.975 

-.980 

—  970 

180 

-.990 

—  980 

—  965 

190 

-.990 

—  990 

-.965 

A  few  of  these  instruments  were  manufactured  and  installed  on  motor  balloons.  Later, 
owing  to  the  cost  and  difficulty  of  uniform  manufacture,  they  were  discarded  in  favor  of  the 
single-throat  speed  nozzle  No.  1  coupled  with  a  delicate  pressure  gauge. 

Conclusion. — As  the  purpose  of  this  study  was  merely  to  develop  a  practical  waterproof 
speed  nozzle  for  immediate  use,  a  summary  of  the  general  properties  of  such  tubes  need  not 
be  given,  further  than  has  been  done  incidentally  in  the  text.  Such  general  properties  have 
been  detailed  many  times  by  earlier  experimenters.  It  suffices  to  note  that  the  large-size 
nozzle  No.  1  is  waterproof  and  that  it  gives  true  readings  at  all  ordinary  angles  of  incidence 
and  at  all  speeds  up  to  more  than  2  miles  per  minute.  For  very  swift  machines  of  moderate 
power  a  nozzle  of  less  resistance  must  be  used,  even  though  not  waterproof.  But  with  some 
attention  to  structural  details  it  is  practicable  to  make  both  tubes  give  true  speed  readings 
when  joined  in  turn  to  the  same  pressure  gauge. 
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FIG 


18.— HOODED  DOUBLE-THROAT  P  I  TO  T  -  V  EN  T  U  R  I 
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THE  AIRPLANE  TENSIOMETER. 

By  L.  J.  Larson. 


Light  weight  is  an  essential  factor  in  the  design  of  modern  airplanes,  especially  those  for 
military  purposes,  for  which  speed  and  maneuvering  ability  are  of  great  importance.  With  the 
best  grade  of  materials  and  careful  designing  the  light  weight  desired  can  be  obtained,  but  only 
by  not  using  an  excessive  factor  of  safety.  Under  such  conditions  accidental  or  careless  over 
loading  of  the  airplane  members  must  be  avoided. 

Certain  parts  of  an  airplane  are  subjected  not  only  to  the  stresses  imposed  by  the  aero¬ 
dynamic  or  flying  load,  but  also  to  the  initial  stresses,  caused  by  the  tension  in  the  stay  and  drift 
wires.  An  appreciable  initial  stress  in  these  wires  is  necessary  to  maintain  the  alignment  of  the 
machine.  In  many  cases  the  initial  stresses  have  been  found  to  form  too  large  a  proportion  of 
the  total  load.  Failure  of  the  structure  in  service  has  resulted  from  an  improper  adjustment  of 
the  turnbucldes  in  the  stay  and  drift  wires  and  cables. 

It  has  been  customary  to  depend  upon  the  judgment  of  the  mechanics  assembling  an  air¬ 
plane  for  securing  the  correct  initial  tension  through  adjustment  of  the  turnbuckles.  They 
secured  what  they  considered  the  proper  uniform  tension  by  the  “feel”  of  the  wire  or  by  listening 
to  its  vibrant  sound  when  plucked  with  the  finger.  Either  of  these  methods  is  obviously  crude 
and  inaccurate,  owing,  among  other  things,  to  the  widely  varying  diameter  and  length  of  the 
wires.  Some  experiments  have  shown  that  wires  thus  adjusted  for  equal  tension  have  really 
varied  by  several  hundred  per  cent.  A  dangerous  condition  may  thus  be  developed  by  causing 
overloading  of  airplane  members  through  adjustment  of  initial  tension.  This  emphasizes  the 
need  of  an  apparatus  to  determine  accurately  the  load  in  a  flexible  tensile  member. 

Several  instruments  for  this  purpose  have  been  devised,  but  most  of  them  are  inaccurate, 
cumbersome,  or  require  the  services  of  an  experienced  person  for  their  successful  use.  The 
Tensiometer,  on  the  other  hand,  is  simple  in  construction,  accurate,  and  easily  and  quickly 
operated  even  by  inexperienced  persons. 


Two  sizes  of  the  instrument  are  shown  in  figure  1.  One  is  suitable  for  wires  up  to  one-fourth 
inch  in  diameter  and  the  other  for  wires  from  one-fourth  to  three-eighths  inch  in  diameter. 
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The  instrument  consists  essentially  of  a  frame  with  supports  spaced  10  inches  apart, 
between  which  a  section  of  the  wire  or  cable  is  adjusted.  Midway  between  these  supports,  and 
operated  by  hand  grips,  is  a  plunger  which  deflects  the  wire  0.1  inch  from  its  normal  position. 
The  operation  of  deflecting  the  wire  compresses  a  calibrated  spring.  A  dial  indicator  measures 
the  deformation  of  the  spring  and  thus  the  load  on  the  wire.  One  revolution  of  the  indicator 
pointer  corresponds  to  a  load  of  1,000  pounds,  and  the  smallest  dial  division,  to  a  10-pound  load. 

The  Tensiometer  is  made  direct  reading  by  graduating  the  indicator  dial  upon  the  loading 
spring  so  as  to  read  tension  in  the  wire  instead  of  load  upon  the  spring.  A  second  dial  indicator 
allows  the  simultaneous  determination  of  the  deflection  to  the  nearest  0.001  inch.  The  use  of 
these  two  sensitive  indicators  for  accurately  determining  the  position  and  load  upon  the  wire  is, 
in  a  great  measure,  the  reason  why  accurate  results  are  obtained  with  the  Tensiometer. 

The  theory  upon  which  the  instrument  is  based  is  very  simple.  If  a  wire,  under  tensile 
stress,  is  supported  at  two  points  and  loaded  at  the  middle  of  the  span  thus  formed,  a  system 
of  three  forces  in  equilibrium  is  established.  If  the  span  and  deflection  are  kept  constant,  as  in 
this  instrument,  the  deflecting  force  is  a  constant  fraction  of  the  tension  in  the  wire. 

In  use  it  is  never  desirable  to  attach  the  Tensiometer  to  the  wire.  It  is  simply  put  into 
place  as  shown  in  figure  2  and  the  grips  brought  together  until  the  proper  deflection  is  obtained. 
The  tension  in  the  wire  is  then  read  from  the  other  dial,  which  gives  the  value  directly  in  pounds . 


In  any  instrument  of  this  type  there  are  two  possible  sources  of  error.  On  account  of  the 
inherent  stiffness  of  the  larger  wires  a  force  is  necessary  to  deflect  them  even  if  they  are  under 
no  tensile  load.  If  the  wire  i3  short  and  held  in  a  rigid  framework  the  tension  in  it  is  increased, 
in  the  development  of  the  required  deflection.  This  is  evident  when  one  considers  that  there 
is  a  slight  increase  of  length  of  the  deflected  cable  over  its  original  length. 

The  correction  for  both  of  these  errors  may  be  found  by  calculation  or  preferably  by 
calibration  of  the  instrument.  Fortunately,  the  corrections  for  both  are  of  such  a  nature 
that  they  are  easily  made  when  a  constant  deflection  of  the  wire  is  used. 

The  error  caused  by  the  actual  lengthening  of  the  "wire  is  usually  small.  The  resulting 
increase  in  the  total  load  depends  upon  the  sectional  area  of  the  wire  and  its  total  length.  It 

may  be  expressed  by  the  formula  p  —  in  which  p  is  the  increase  in  the  total  load 

in  pounds  due  to  the  deflection  of  the  wire;  A,  the  sectional  area  of  the  wire  in  square  inches; 
and  L,  the  total  length  of  the  wire  in  inches.  If  the  error  is  computed  by  means  of  this  formula 
for  the  conditions  met  in  practice,  it  will  be  found  to  be  small.  It  should  also  be  remembered 
that  the  formula  assumes  that  the  wires  are  held  rigidly  at  their  ends  when  the  instrument 
is  applied.  Any  yielding  of  the  structure  to  which  the  wire  is  attached  will  further  reduce  the 
error,  so  that  it  appears  reasonable  to  neglect  this  error  for  airplane  work. 


337—1 


FIG.  1 


337-2 


FIG.  2. 


_ 


THE  AIRPLANE  TENSIOMETER. 


337 


The  error  due  to  the  stiffness  or  beam  action  of  the  wire  is  more  serious.  Although  it  is 
negligible  for  wires  of  small  diameter,  a  correction  is  required  for  large  cables  and  wires.  Any 
theoretical  discussion  of  the  magnitude  of  this  error  involves  the  section  modulus  of  the  wire 
and  the  amount  of  end  constraint  acting  at  the  supports. 

Aside  from  the  unknown  section  modulus  of  the  cables  it  is  evident  that  the  amount  of  end 
restraint  varies  with  the  amount  of  tensile  load  on  the  cable.  With  no  load  the  cable  probably 
acts  as  a  simple  beam  and  approaches  a  fixed  ended  condition  with  the  increase  in  tensile  loading. 
A  calculation  of  the  beam  action  is  therefore  impracticable  and  the  only  satisfactory  method 
of  finding  the  correction  to  be  applied  is  to  calibrate  the  instrument  for  the  various  sizes  of 
wires  and  cables  upon  which  it  is  to  be  used.  Calibration  curves  have  been  obtained  for  most 
of  the  sizes  of  solid  airplane  wires  of  both  circular  and  streamline  section.  Similar  curves  are 
available  for  all  sizes  of  cable  in  use  on  airplanes. 


To  obtain  these  curves  the  cable  or  wire  was  suspended  from  a  beam  and  the  desired 
amount  of  load  applied  by  the  use  of  dead  weights,  thus  insuring  a  constant  load  on  the  wire 
and  the  elimination  of  all  sources  of  error  except  that  of  the  beam  action  of  the  wire  or  cable. 
Various  increments  of  load  were  used  depending  upon  the  ultimate  strength  of  the  wire,  but  in 
all  cases  a  sufficient  number  of  readings  were  taken  to  determine  the  curve.  The  calibration 
curves  for  all  the  wires  and  cables  tested  are  shown  on  the  accompanying  curve  sheets.  The 
actual  loads  are  plotted  as  ordinates  and  the  indicated  loads  or  the  dial  readings  as  abscissae. 
Since  the  same  scales  have  been  used  for  ordinates  and  abscissae,  the  curves  should  be  straight 
lines  having  a  slope  of  45  degrees  to  the  vertical  if  the  indicated  load  equals  the  actual  load 
An  examination  of  the  curves  shows  that  the  beam  action  causes  less  error  for  the  low  tensile 
loads  than  for  the  higher  loads.  Also  the  curves  for  the  small  cables  practically  coincide  with 
a  45-degree  line,  but  those  for  the  larger  cables  and  for  all  solid  wires  show  that  the  indicated 
load  exceeds  the  actual  load.  However,  in  most  cases  the  slope  of  the  curves  is  approximately 
45  degrees  for  loads  of  over  200  pounds.  It  is  thus  possible  to  make  a  constant  correction  equal 
to  the  horizontal  distance  from  the  curve  to  a  45-degree  line  passing  through  the  origin.  On 
a  curve  which  does  not  have  a  45-degree  slope,  a  constant  may  still  be  used  without  serious  error 
provided  it  is  taken  from  the  curve  at  the  working  load  of  the  cable.  In  case  this  working  load 
exceeds  1,000  pounds,  the  maximum  load  applied,  the  constant  should  be  the  correction  for 
1,000  pounds. 

This  instrument  can  therefore  be  adjusted  to  read  correctly  for  a  perfectly  flexible  wire  of 
great  length  or  for  any  particular  wire  of  given  length  and  diameter. 

167080— S.  Doc.  307,  65-3 - 22 
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The  correction  constants  obtained  experimentally  vary  for  nonflexible  cables  from  20 
pounds  for  -fa  inch  to  about  550  pounds  for  f  inch  cables;  from  20  pounds  for  No.  12  (0.08081 
inch)  to  130  pounds  for  No.  8  (0.1285  inch  solid  wire  of  circular  section,  and  from  40  pounds  for 
Yg-  inch  streamline  wire  to  575  pounds  for  f  inch  streamline  wire. 

Experimental  work  upon  the  larger  cables  shows  that  a  considerable  variation  in  the 
indicated  reading  at  any  load  may  be  expected  on  cables  over  \  inch  in  diameter.  In  the  case 
of  |  inch  nonflexible  cables  this  variation  may  be  as  much  as  100  pounds,  but  when  it  is  con¬ 
sidered  that  such  a  cable  has  a  breaking  strength  of  15,000  pounds  the  error  is  seen  to  be  less 
than  1  per  cent. 


REPORT  No.  33. 


SELF-LUMINOUS  MATERIALS. 

By  N.  E.  Dorsey. 


A  limited  mimeographed  edition  of  the  following  notes  was  issued  August  10,  1918,  as 
Luminous  Material  Circular  No.  RLC-6  of  the  National  Bureau  of  Standards.  The  cumbrous 
title  of  that  circular — “Notes  and  Recommendations  regarding  Specifications  for  the  Illumi¬ 
nating  of  Articles  by  Means  of  Self-Luminous  Materials  Containing  Radioactive  Excitants”— 
indicates  its  purpose  and  scope. 

The  circular  was  prepared  with  special  reference  to  the  illumination  of  military  and  of 
naval  instruments.  In  its  preparation  the  numerous  questions  propounded  to  the  Bureau 
during  the  preceding  12  months  in  regard  to  such  illumination  were  kept  constantly  in  mind, 
the  greater  portion  of  its  contents  bearing  directly  upon  these  questions. 

1.  Basis  of  specifications. — As  the  object  of  illuminating  articles  with  self-luminous  materials 
is  to  secure  a  sufficient  brightness  combined  with  a  satisfactory  life,  it  is  most  desirable  that  the 
specifications  be  based  upon  the  brightness  at  delivery  and  upon  the  rate  of  decrease  in  the 
brightness  rather  than  upon  such  a  subsidiary  consideration  as  the  amount  of  radioactive 
material  contained  in  the  preparation.  This  becomes  at  once  evident  when  it  is  recognized 
that  the  brightness  of  a  given  specimen  of  self-luminous  material  depends  not  only  upon  the 
amount  of  the  radioactive  constituent,  but  also  upon  the  age  of  the  material  and  upon  the 
properties  of  its  phosphorescent  responsive  base.  It  is  emphasized  by  the  fact  that  the  bright¬ 
ness  of  the  applied  material  varies  greatly  with  the  method  of  application. 

2.  Self-luminous  material — ( a )  Cause  of  luminescence. — Self-luminous  radioactive  materials 
consist  of  mixtures  of  a  responsive  base,  usually  zinc  sulphide,  with  small  amounts  of  radio¬ 
active  substances.  Luminescence  is  caused  and  maintained  by  the  bombardment  of  the 
responsive  base  by  the  alpha  radiations  accompanying  the  disintegration  of  the  radioactive 
constituents  of  the  material.  Other  things  being  the  same,  the  brightness  of  the  material 
increases  as  the  intensity  of  the  alpha  radiation  increases.  The  actual  brightness  depends  upon 
the  responsiveness  of  the  base  as  well  as  upon  the  intensity  of  the  bombardment. 

(b)  Secular  changes  in  alpha  radiation. — The  decrease  in  alpha  radiation  due  to  radioactive 
disintegration  in  six  months  is  0.02  per  cent  for  radium,  2  per  cent  for  radium-D,  6  per  cent  for 
mesothorium-1,  16  per  cent  for  radiothorium,  and  60  per  cent  for  polonium.  These  values 
assume  practical  equilibrium  between  the  elements  named  and  their  complete  series  of  radio¬ 
active  derivatives.  This  assumption  is  fulfilled  for  polonium  (it  has  no  such  derivatives), 
for  radiothorium,  for  radium  after  a  month  if  the  preparation  has  the  equilibrium  amount  of 
radium-D  and  of  polonium,  for  radium-D  from  which  no  polonium  has  been  removed  for  at 
least  four  years,  and  for  mesothorium  from  which  no  radiothorium  has  been  removed  for  at  least 
15  or  20  years. 

If  radiothorium  has  been  removed  from  the  mesothorium  within  the  preceding  15  or  20 
years,  the  secular  decrease  in  the  alpha  radiation  will  be  less  than  6  per  cent.  To  be  exact, 
after  a  complete  removal  of  radiothorium  the  alpha  radiation  of  a  mesothorium  preparation 
is  zero;  it  at  once  begins  to  increase,  and  continues  to  grow  for  between  four  and  five  years;  it 
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then  decreases  at  a  rate  that  is  at  first  very  slow,  and  finally  after  15  or  20  years  becomes  prac¬ 
tically  6  per  cent  in  six  months.  From  the  third  year  to  them  iddle  of  the  fifth  year  the  intensity 
increases  by  a  total  of  7.4  per  cent  and  by  the  seventh  year  it  has  fallen  about  2  per  cent 
below  what  it  was  at  the  third  year. 

After  a  complete  removal  of  polonium,  the  alpha  radiation  of  a  radium-D  preparation  is 
zero;  it  at  once  begins  to  increase,  and  continues  to  grow  for  a  period  of  about  two  years.  It 
then  decreases  at  a  rate  that  is  at  first  slow,  and  finally,  after  the  fourth  year  (counted  from 
the  time  the  polonium  was  removed),  becomes  practically  2  per  cent  in  six  months.  From  the 
eighteenth  to  the  twenty-fourth  month  the  intensity  increases  by  a  total  of  2  per  cent  and 
by  the  thirty-sixth  month  it  has  fallen  to  approximately  what  it  was  at  the  beginning  of  the 
nineteenth  month. 

In  the  preparation  of  material  containing  radium  there  is  a  considerable  escape  of  radium 
emanation,1  there  is  also  a  loss  of  radium  emanation  during  the  application  of  the  material 
to  the  article  being  illuminated.  This  reduces  the  intensity  of  the  alpha  radiation.  As  the 
radium  emanation  again  accumulates  the  intensity  increases;  the  recovery  is  half  completed 
in  3.85  days  and  is  practically  complete  by  the  end  of  a  month. 

If  the  radium  salt  when  incorporated  with  the  material  contained  no  radium-D  or 
polonium  its  alpha  radiation  at  the  end  of  a  month  will  be  about  20  per  cent  less  intense  than 
if  it  had  contained  the  equilibrium  amounts  of  these  substances,  and  will  slowly  increase  for 
over  a  hundred  years.  The  rate  of  growth,  beginning  at  a  very  small  value,  increases  rapidly 
for  the  first  few  months,  then  more  slowly  until  at  the  end  of  two  years  the  rate  of  growth  will 
be  about  0.4  per  cent  in  six  months,  and  will  then  gradually  decrease  to  zero  in  about  115  years, 
at  which  time  the  total  alpha  radiation  will  be  about  16  per  cent  greater  than  it  was  at  the  end 
of  the  first  month. 

If  material  containing  radium,  mesothorium,  or  radiothorium  is  not  hermetically  sealed, 
any  increase  in  temperature  will  cause  some  of  the  air  contained  in  it  to  escape,  carrying  with 
it  a  portion  of  the  radium,  or  thorium,  emanation.  This  will  reduce  the  intensity  of  the  alpha 
radiation;  on  keeping  the  temperature  constant  there  will  be  a  recovery.  For  radium  the 
the  recovery  will  proceed  as  just  described,  being  half  completed  in  3.85  da}^s.  For  the  thorium 
products  the  recovery  is  very  rapid,  being  one-half  completed  in  less  than  a  minute.  Not  only 
is  the  recovery  of  the  alpha  radiation  of  the  thorium  products  very  rapid,  but,  on  account  of 
the  extremely  short  life  of  thorium  emanation,  the  initial  reduction  is  less  than  for  the  radium 
products,  most  of  the  thorium  emanation  disintegrating  before  it  can  escape  from  the  material. 

A  reduction  of  pressure  produces  an  effect  of  the  same  kind  as  an  elevation  of  temperature. 

Exclusive  of  such  subsidiary  effects  as  those  of  temperature  and  pressure,  the  secular 
variation  in  the  intensity  of  the  alpha  radiation  of  self-luminous  materials  may  be  briefly 
described  as  follows:  If  the  radioactive  constituent  is  radium  with  its  equilibrium  amounts 
of  radium-D  and  polonium,  the  intensity  will  increase  for  a  month,  rapidly  at  first  then  more 
slowly;  after  a  little  over  a  month  the  intensity  will  decrease  very  slowly,  about  0.02  per  cent 
in  six  months.  If  initially  there  was  no  radium-D  nor  polonium,  the  intensity  will  continue 
to  increase  after  the  first  month;  the  rate  of  increase  slowly  decreasing,  but  for  many  years 
being  about  0.4  per  cent  in  six  months.  If  the  radioactive  constituent  is  radium- D,  the  in¬ 
tensity  will  continually  increase  until  about  two  years  have  elapsed  since  the  removal  of  polonium, 
then  the  intensity  will  decrease,  the  rate  of  decrease  never  exceeding  about  2  per  cent  in  six 
months  and  attaining  this  value  only  after  four  years  have  elapsed  since  the  separation  of  the 
polonium.  If  the  radioactive  constituent  is  mesothorium- 1 ,  the  intensity  will  continually 
increase  until  about  4.5  years  have  elapsed  since  the  removal  of  the  radiothorium,  then  the 
intensity  will  decrease,  the  rate  of  decrease  never  exceeding  6  per  cent  in  six  months  and  attain¬ 
ing  this  value  only  after  15  or  20  years  have  elapsed  since  the  separation  of  the  radiothorium. 

If  the  radioactive  constituent  is  either  radiothorium  or  'polonium ,  the  intensity  will  con¬ 
tinually  decrease,  the  rate  being  16  and  60  per  cent,  respectively,  in  six  months.  All  these 
values  assume  that  the  radioactive  materials  mentioned  are  not  accompanied  by  their  radio¬ 
active  predecessors. 

1  Radium  emanation,  also  called  niton,  is  a  radioactive  gas  formed  by  the  disintegration  of  radium.  It  should  not  be  confused  with  the  radia¬ 
tions  which  are  emitted  during  radioactive  disintegration. 
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(c)  Secular  changes  in  responsive  base. — Under  the  action  of  light,  air,  humidity,  alpha 
ray  bombardment,  etc.,  changes  take  place  in  the  responsive  base.  These  changes  are  accom¬ 
panied  by  a  change,  usually  a  decrease,  in  responsiveness.  The  most  striking  of  these  changes 
is  that  due  to  the  alpha  bombardment.  Under  continued  alpha  radiation  the  responsiveness 
decreases,  very  rapidly  at  first,  then  more  and  more  slowly  as  the  responsiveness  becomes  less. 
Other  things  being  the  same,  the  more  intense  the  radiation  the  more  rapid  the  decrease  in  the 
responsiveness.  Whether  the  responsiveness  will  ultimately  become  zero  is  an  open  question. 
The  nature  and  extent  of  the  changes  just  described  are  functions  of  the  responsive  base  and 
vary  with  the  latter;  the  base  generally  employed  is  zinc  sulphide,  and  it  is  this  that  we  have 
in  mind  throughout  these  notes. 

id)  Secular  changes  in  brightness. — The  secular  variation  in  the  brightness  of  self-luminous 
materials  is  due  to  the  two  causes  just  considered,  viz,  (1)  the  variation  in  the  intensity  of  the 
alpha  radiation,  and  (2)  the  secular  changes  in  the  responsive  base.  For  practical  purposes 
the  resultant  effect  may  be  regarded  as  the  sum  of  the  changes  due  to  these  two  causes. 

If  the  material  contains  radium,  the  initial  increase  in  the  intensity  of  the  alpha  radiation 
more  than  offsets  the  effect  of  the  decrease  in  the  responsiveness.  As  a  result,  the  brightness 
increases  rapidly  for  about  three  weeks,  then  decreases  for  about  two  weeks  at  a  rate  much 
greater  than  that  which  later  prevails. 

If  the  radioactive  constituent  is  one  of  the  other  substances  mentioned,  the  brightness 
shows  no  initial  growth,1  but  decreases  continually  from  the  start;  first  rapidly,  then  more 
slowly. 

In  general  wo  may  say  that  the  brightness  of  a  self-luminous  material  undergoes  marked 
changes  during  the  first  four  or  five  weeks  after  the  radioactive  constituent  is  incorporated 
in  it.  After  this  period,  the  brightness  decreases  at  a  more  moderate  rate.  Of  material  con¬ 
taining  the  same  responsive  base  the  brighter  the  material  the  more  quickly  does  its  brightness 
drop  to  50  per  cent  of  its  former  value.  For  this  reason  it  is  desirable  to  design  the  illuminated 
portions  in  such  a  manner  that  a  material  of  low  brightness  can  be  used. 

No  exact  figure  can  be  given  for  the  rate  at  which  the  brightness  of  applied  material  may 
be  expected  to  decrease.  Wide  variations  in  the  rate  are  found  even  among  dials  illuminated 
at  the  same  time  and  with  the  same  material.  No  explanation  of  this  variability  can  now  be 
given. 

Dials  of  5  microlamberts  illuminated  with  radium  material  have  been  observed  to  decrease 
to  2.5  in  six  months;  others  have  decreased  to  only  3  or  4.  Similarly  dials  of  8  may  decrease 
to  3  or  to  6  in  the  same  time,  and  those  of  2  to  1.3  or  to  1.9. 

Dry  material  containing  radium  and  sealed  in  glass  tubes  may  be  expected  to  decrease 
approximately  as  shown  in  the  following  table: 


Table  1. — Decrease  in  brightness  of  dry  material  in  180  days. 


Brightness. 

Brightness  after 
180  days. 

Decrease  in 
180  days. 

Brightness. 

Brightness  after 
180  days. 

Decrease  in 
180  days. 

Microlamberts. 

Microlamberts. 

Per  cent. 

Microlamberts. 

Microlamberts. 

Per  cent. 

30 

16.1 

46 

10 

7.8 

22 

25 

14.5 

42 

8 

6.5 

19 

20 

12.7 

36 

5 

4.4 

12 

15 

10.5 

30 

2 

1.9 

5 

( e )  Brightness  reduced  by  adhesive. — The  brightness  of  material  that  has  been  mixed  with 
an  adhesive  and  painted  upon  an  object  is  usually  only  25  per  cent,  occasionally  40  per  cent, 
of  that  of  the  dry  material.  We  have  already  seen  that  dry  material  decreases  in  brightness 
at  a  lower  rate  than  does  painted  material  of  the  same  brightness.  It  is,  therefore,  desirable 
that  dry  material  be  used  wherever  possible. 

3.  Unit  of  brightness. — By  the  brightness  of  a  surface  is  meant  the  luminous  intensity  per 
unit  area  of  the  surface  as  projected  on  a  plane  perpendicular  to  the  line  of  sight,  it  being  assumed 

1  ifesothorium  recently  freed  from  radiothorium  will  give  an  initial  increase  in  brightness;  the  rate  and  duration  of  this  increase  will  depend 
upon  the  time  that  has  elapsed  since  the  separation  of  the  radiothorium.  It  is  very  improbable  that  such  fresh  mesothorium  will  ever  be  used  in 
the  preparation  of  commercial  luminous  material. 
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that  the  linear  dimensions  of  the  portion  of  the  surface  considered  is  negligibly  small  as  com¬ 
pared  with  the  distance  at  which  it  is  viewed.  It  is  evident  that  the  brightness  as  thus  defined 
is  independent  of  the  area  of  the  luminous  surface. 

As  in  measuring  a  length  we  choose  for  our  unit  a  length  that  is  exactly  defined  (foot, 
meter,  etc.),  so  in  measuring  a  brightness  we  choose  as  our  unit  the  brightness  of  an  exactly 
defined  bright  surface. 

For  the  measurement  of  the  brightness  of  self-luminous  materials  a  suitable  unit  is  the 
brightness  of  a  perfectly  diffusing  and  completely  reflecting  surface  when  illuminated  by  a 
source  of  unit  candlepower  placed  at  a  distance  of  10  meters.  This  unit  of  brightness  is  called 
a  microlambert  because  it  is  the  one-millionth  part  of  the  lambert;  the  latter  is  a  well-known 
and  accepted  unit  of  brightness.  The  microlambert  is  equal  to  0.000  93  “equivalent  foot- 
candles’'  and  to  0.000  000  318  candles  per  square  centimeter  (3.18  millicandles  per  square 
meter). 

4.  Total  light. — It  is  necessary  to  distinguish  between  the  brightness  of  a  luminous  surface 
and  the  total  amount  of  light  the  eye  receives  from  it.  The  former  is  determined  by  the  luminous 
material,  while  the  latter  depends  also  upon  the  area  of  the  luminous  surface.  When  the  lumi¬ 
nous  area  is  small  as  compared  with  its  distance  from  the  eye  it  is  the  total  light  that  gives  the 
impression  of  brilliance  and  determines  the  ease  with  which  the  luminous  area  can  be  seen. 

5.  Brightness  of  markings. — (a)  Position  marks. — Marks  that  have  to  be  seen,  but  of  which 
the  shapes  do  not  have  to  be  distinguished,  require  only  a  low  brightness  if  they  are  to  be  viewed 
against  an  extended  black  background.  Lines  1  millimeter  wide  and  4  millimeters  long  upon  a 
black  metal  surface  in  moonlight  are  not  readily  seen  in  all  positions  at  a  distance  of  75  centi¬ 
meters  (30  inches)  if  they  are  no  brighter  than  2  microlamberts.  If  the  surface  and  the 
observer’s  eyes  are  shaded  from  the  moon  then  such  lines  are  seen  without  difficulty. 

(b)  Legible  character. — If  the  luminous  markings  (numerals,  letters,  etc.)  are  of  such  a 
character  that  their  shapes  have  to  be  distinguished,  the  brightness  must  be  greater  than  that 
required  for  the  mere  seeing  of  position  marks.  Complex  characters  require  a  higher  brightness 
than  simpler  ones  of  the  same  size.  Numerals  8  millimeters  high  with  a  line  width  of  1  milli¬ 
meter  can  be  readily  read  in  the  moonlight  at  a  distance  of  75  centimeters  (30  inches)  if  they 
have  a  brightness  of  5  microlamberts. 

(c)  Relation  of  brightness  to  size. — There  are  at  least  four  distinct  phenomena  that  limit 
the  distance  at  which  a  luminous  character  can  be  read: 

First.  The  resolving  power  of  the  eye.  Unless  the  angle  the  character  subtends  at  the 
eye  exceeds  a  certain  value,  the  shape  can  not  be  recognized,  however  bright  the  character  may 
be.  This  limiting  angle  varies  greatly  from  eye  to  eye. 

Second.  The  sensitivity  of  the  eye.  This  also  varies  over  a  wide  range  and  depends  upon 
both  the  past  and  the  present  history  of  the  eye.  An  eye  that  has  recently  been  exposed  to 
light  is  far  less  sensitive  than  if  it  had  been  kept  in  total  darkness  for  some  time;  also,  if  the  eye 
is  illuminated  by  an  extraneous  source  of  light  its  sensitivity  is  different  from  what  it  is  when 
the  eye  is  illuminated  by  the  luminous  character  alone. 

Third.  Contrast.  It  is  evident  that  the  character  can  not  be  distinguished  if  there  is  no 
contrast  between  it  and  the  region  bounding  it.  The  percentage  contrast  in  brightness  that 
can  be  just  distinguished  increases  as  the  brightness  is  reduced.  For  the  range  of  brightness 
covered  by  articles  illuminated  by  self-luminous  materials  this  limiting  contrast  varies  approxi¬ 
mately  from  5  to  20  per  cent.  That  is,  very  faint  markings  will  not  be  seen  unless  they  are  at 
least  20  per  cent  brighter  than  the  surrounding  surface.  In  most  practical  cases  the  lines  are 
illuminated  by  the  same  light  as  the  surface  on  which  they  are  painted;  their  effective  brightness 
is  therefore  enhanced.  This,  however,  may  not  offset  the  ill  effect  of  the  light  from  the  main 
surface  of  the  article.  For  example,  a  white  dial  illuminated  directly  by  the  full  moon  might 
have  a  brightness  of  20  microlamberts.  If  the  marks  upon  it  had  a  brightness  of  1  micro¬ 
lambert  and  a  coefficient  of  reflection  as  great  as  that  of  the  dial  their  effective  brightness  would 
be  but  21  microlamberts.  This  is  but  5  per  cent  greater  than  the  brightness  of  the  main  sur¬ 
face  of  the  dial,  and  the  marks  would  be  almost  if  not  entirely  indistinguishable. 
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Fourth.  A  fourth  limit  is  set  by  the  total  amount  of  light  entering  the  eye  from  the  char¬ 
acter.  Assuming  that  the  conditions  are  such  that  this  fourth  limit  is  the  only  one  operative, 
then  for  the  same  surface  brightness  a  given  character  can  be  distinguished  twice  as  far  if  all 
its  dimensions  are  doubled;  if  its  size  is  kept  the  same  its  brightness  must  be  multiplied  by  4 
if  it  is  to  be  distinguished  at  twice  its  former  distance.  Expressed  otherwise,  this  fourth  limit 
states  that  the  distance  at  which  a  given  character  can  be  distinguished  is  proportional  to  its 
linear  dimensions  multiplied  by  the  square  root  of  its  brightness.  As  the  determining  factors 
are  the  brightness  and  the  angle  which  the  object  subtends  at  the  eye,  the  effect  of  increased 
size  can  be  secured  by  the  use  of  a  magnifyng  lens. 

One  result  of  this  fourth  limiting  condition  is  that  neighboring  luminous  marks  may  appear 
to  blur  together  although  they  are  much  farther  apart  than  is  necessary  to  enable  one  to  see 
them  as  distinct  under  usual  conditions  of  illumination.  For  ready  seeing  at  low  brightness 
luminous  characters  should  be  not  only  large,  but  open.  There  should  be  as  few  small  inclosed 
unilluminated  areas  as  possible;  for  example,  unless  the  3,  the  top  of  the  6,  and  the  bottom  of 
the  9  are  well  opened,  there  is  danger  of  mistaking  these  numerals  for  8’s. 

id)  Guides  to  required  brightness. — The  brightness  needed  in  any  particular  case  should  be 
determined  by  actual  experiment.  Objects  of  the  required  form  should  be  illuminated  to  various 
brightnesses  and  examined  under  conditions  of  illumination  that  are  as  nearly  as  may  be  iden¬ 
tical  with  those  met  with  in  service.  Frequently  a  stencil  illuminated  from  the  rear  serves 
admirably.  When  the  object  is  illuminated  with  luminous  material  it  is  desirable  that  it  be 
made  too  bright  and  then  dimmed  down  by  the  use  of  absorbing  screens. 

In  such  tests  at  least  two  values  should  be  determined:  (1)  The  lowest  usable  brightness; 
(2)  The  brightness  that  is  considered  the  most  desirable.  If  there  is  a  maximum  brightness 
that  must  not  be  exceeded  this  should  be  determined  also. 

The  various  values  of  the  brightness  determined  by  these  tests  should  be  measured  in  terms 
of  an  established  unit,  preferably  the  microlambert. 

The  following  conclusions,  drawn  from  observations  made  by  various  observers  under  a  sky 
lighted  by  a  full  moon,  may  serve  as  a  rough  guide  to  the  order  of  brightness  that  probably 
will  be  required.  These  conclusions  apply  to  luminous  lines  on  a  black  surface.  They  are  but 
rough  approximations,  different  observers  and  different  conditions  of  general  illumination 
leading  to  different  conclusions. 

Division  marks  of  one  microlambert  are  too  faint  unless  the  lines  are  very  broad,  those 
of  1.5  microlamberts  are  usable,  but  2  microlamberts  or  over  is  to  be  preferred.  If  the  lines 
are  4  millimeters  long  and  1  millimeter  wide,  and  have  a  brightness  of  only  2  microlamberts 
there  are  some  positions  in  which  they  can  not  be  readily  seen  at  75  centimeters  in  moonlight. 

Numerals  7  millimeters  high  with  a  line  width  of  0.6  millimeter  and  a  brightness  of  2 
microlamberts  can  be  read  at  a  distance  of  30  centimeters  (1  foot),  but  a  brightness  of  4  is 
much  better.  Numerals  8  millimeters  high  with  lines  1  millimeter  wide  are  readily  read  at 
75  centimeters  (2£  feet)  if  they  have  a  brightness  of  5. 

A  circular  strip  6.4  millimeters  inch)  wide  with  outside  diameter  of  38  millimeters  (1£ 
inches)  is  visible  at  9  meters  (30  feet)  if  it  has  a  brightness  of  6  microlamberts. 

6.  Summary. — In  designing  an  article  to  be  illuminated,  and  in  drawing  specifications 
for  the  illumination  of  it,  the  following  points  should  be  considered: 

(a)  The  characters  should  be  large  and  of  simple  design;  usually  they  should  be  as  large 
as  is  consistent  with  the  other  requirements.  Published  results  indicate  that  when  the  ratio 
of  height  of  character  to  width  of  line  is  equal  to  8  the  best  condition  for  legibility  of  such 
letters  as  N,  S,  E,  and  W  has  been  secured. 

(5)  The  spacing  should  be  open.  It  is  undesirable  to  reduce  the  distance  between  adjacent 
luminous  areas  to  less  than  2  millimeters. 

(c)  The  number  of  luminous  markings  should  be  reduced  to  a  minimum. 

(i d )  Pointers  can  advantageously  be  luminous  from  pivot  to  tip,  but  the  tail  should  never 
be  illuminated.  In  many  cases  it  is  unnecessary  for  the  luminous  material  to  cover  the  entire 
widthfof  the  pointer. 
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0)  Unilluminated  areas  that  can  be  seen  by  the  observer  should  be  dull  black. 

(/)  The  brightness  required  should  be  determined  in  each  case  by  an  actual  trial  under 
service  conditions  of  illumination  and  distance. 

(g)  The  nature  of  the  radioactive  constituent  of  the  material  will  be  determined  by  the 
life  requirements.  If  the  life  is  to  exceed  six  months,  polonium  unaccompanied  by  an  equi¬ 
librium  amount  of  radium-D  should  not  be  used;  and  only  under  special  conditions  would 
radiothorium  be  satisfactory;  there  would  be  but  little  choice  between  mesothorium-1  and 
radium.  If  a  short  life  of  high  brightness  is  desired,  radiothorium,  radium-D,  and,  in  certain 
cases,  polonium,  might  give  satisfaction;  the  life  of  very  bright  material  is  in  any  case  short 
on  account  of  the  rapid  loss  in  the  responsiveness  of  the  base. 

(h)  I  he  secular  decrease  in  the  brightness  of  the  material  is  very  perceptible  and  must 
be  allowed  for. 

(i)  The  specifications  should  be  so  worded  as  to — 

Prevent  the  use  of  undesirable  radioactive  constituents.  (See  caution,  p.  9.) 

Specify  the  brightness  of  each  part  on  delivery. 

Specify  that  the  brightness  shall  not  decrease  by  more  than  a  specified  amount  in  a 
specified  time.  When  definite  limits  of  this  kind  can  not  be  given,  it  should  be 
specified  that  the  brightness  shall  require  the  longest  period  practicable  to  decrease 
to  one-half  its  value  on  delivery. 

Require  that  the  material,  especially  if  it  contains  radium,  shall  have  been  com¬ 
pletely  prepared  for  several,  preferably  at  least  five,  weeks  before  delivery. 

Provide  for  inspection  on  delivery,  and  for  the  selection  by  the  inspector  of  speci¬ 
mens  for  submittal  to  a  life  test.1 

Require  that  the  manner  of  application  shall  be  suitable  for  the  purpose. 

State  clearly  the  size,  design,  and  position  of  each  luminous  mark. 

Require  the  bidder  and  the  contractor  to  state  in  every  case  (1)  the  trade  name  and 
grade  of  the  material  used;  (2)  the  manufacturer  of  the  material,  and  (3)  the  firm  that 
applies  the  material. 

7.  Appendix,  (a)  Caution. — Since  the  only  function  of  the  radioactive  constituent  of  a 
self-luminous  material  is  to  furnish  an  alpha  ray  bombardment  for  exciting  the  luminescence 
of  the  responsive  base,  the  effective  measure  of  any  constituent  is  not  its  weight  but  the  inten¬ 
sity  of  the  alpha  radiation  furnished  by  it.  The  intensity  of  the  radiation  from  a  short-lived 
material  is  much  greater  than  that  from  an  equal  weight  of  a  long-lived  one.  Illustrations 
of  this  difference  are  given  in  the  following  table. 


Table  2. — Comparison  of  the  rates  of  emission  of  alpha  particles. 

[From  certain  radio-elements  as  compared  with  their  rate  of  emission  from  radium  with  its  derivatives  to  and  including  radium-C.] 


Radio-element. 


1  true  milligram  mesothorium-1 ,  with  derivatives 
1  true  milligram  radio-thorium,  with  derivatives. 
1  true  milligram  polonium  (radium-F) . 


Radium. 


Milligram. 
=  450 
=  1,050 
=  1,200 


On  account  of  this  fact  it  is  most  necessary  to  exercise  extreme  care  in  the  wording  of 
those  portions  of  specifications  and  other  discussions  of  luminous  materials  that  deal  with 
the  relative  amounts  of  different  radio-elements  contained  in  the  material. 

For  example,  the  statement  that  “75  per  cent  of  the  radioactive  constituents  shall  be 
radium  is  most  ambiguous.  In  order  to  be  of  value  in  determining  the  properties  of  the 
luminous  material  the  restriction  should  state  explicitly  that  “  75  per  cent  of  the  alpha  radiation 
of  the  material  shall  be  due  to  radium.”  Otherwise  the  restriction  may  be  interpreted  as 
meaning  75  per  cent  by  weight.  It  is  evident  from  the  table  that  the  presence  of  25  per  cent 
by  weight  of  polonium  will  give  the  material  practically  the  same  characteristics  as  if  activated 
entirely  by  polonium. 


i  The  Bureau  of  Standards  is  prepared  to  conduct  such  life  tests  for  the  Government,  and,  on  request,  will  consider  the  undertaking  of  similar 
tests  for  the  public. 
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( b )  Alpha  radiation — Time  curves. — Figures  1,  2,  3,  and  4  show  the  secular  variation  in 
the  alpha  radiation  from  material  containing  mesothorium-1,  radium-D,  radiothorium,  and 
polonium,  respectively. 

The  constants  used  in  the  computation  of  these  curves  are  those  given  by  Rutherford 
in  his  “Radioactive  substances  and  their  radiations.” 

(, c )  Brightness — Time  curves. — Figures  5,  6,  and  7  represent  the  variation  in  brightness 
of  four  tubes  of  dry  radium  luminous  material  studied  at  this  Bureau.  The  four  specimens 
are  believed  to  differ  only  in  the  amount  of  radium  contained  in  them.  The  radium  was  added 
to  the  zinc  sulphide  only  a  few  days  before  the  first  observation,  somewhere  about  the  thirtieth 
day  from  the  origin  of  time  arbitrarily  chosen  for  these  curves.  Throughout  the  period  covered 
by  these  curves  the  tubes  were  protected  from  external  light. 

(d.)  Form  of  specifications  for  the  illumination  of  articles  by  means  of  self-luminous  mate¬ 
rials  containing  radioactive  excitants. 

GENERAL. 

1.  These  specifications  cover  the  requirements  of . .  for  the  illumination  of . 

2.  When  luminous . are  ordered,  the  luminous  material  used  must  conform  to  these 

specifications.  The  markings  must  conform  to  those  indicated  in  the  specifications  for  the 
individual  articles. 

3.  The  manufacturer  of  the  luminous  articles  shall  furnish  the  following  with  his  proposal: 

(a)  The  trade  name  and  grade,  and  the  name  of  the  manufacturer  of  the  luminous  material 
he  intends  to  use. 

(b)  The  name  of  the  company  that  will  apply  the  material. 

(c)  Samples  of  the  proposed  illumination.  These  samples  will  be  subjected  to  examina¬ 
tion  and  tests,  and  may  not  be  returned  to  the  bidder. 

4.  The  manufacturer  shall  notify . of  any  change  in  the  luminous  material  from 

that  accepted. 

5.  Whenever  the  word  “brightness”  occurs  in  these  specifications  it  shall  be  understood 
to  mean  the  surface  brightness  of  the  part  after  it  has  been  continuously  protected  from  all 
external  light  for  the  immediately  preceding  period  of  eight  hours. 

MATERIAL. 

6.  The  luminous  material  shall  consist  of  a  suitable  compound  containing  radium  or 
mesothorium-1,  or  both.  No  radioactive  material  of  a  shorter  average  life  than  mesthorium-1 
(7.9  years)  shall  be  present  unless  accompanied  by  at  least  the  equilibrium  amount  of  its  imme¬ 
diate  predecessor  in  the  same  radioactive  series.  (See  p.  9.) 

7.  No  radioactive  substance  shall  have  been  added  to  the  luminous  material  during  the 
five  weeks  preceding  the  inspection  for  the  acceptance  of  the  illuminated  articles. 

8.  The  quality  and  the  composition  of  the  luminous  material  shall  be  such  that  during  the 

. months  following  the  acceptance  inspection  the  brightness  of  the  illuminated  article 

shall  not  decrease  under  service  conditions  by  more  than . per  cent  of  its  value  at  the  time 

of  such  inspection.  (Or,  the  quality  and  the  composition  of  the  luminous  material  shall  be  such 
as  under  service  conditions  to  require  the  longest  period  practicable  for  the  brightness  of  the 
illuminated  article  to  decrease  to  one-half  its  value  at  the  time  of  the  acceptance  inspection.) 

BRIGHTNESS. 


9.  At  the  time  of  the  inspection  for  acceptance  the  brightness  of  each  part  shall  be  as 
stated  in  the  following  schedule: 

Schedule  of  brightness. 


Article  and 'part. 

Brightness. 

Remarks. 

Microlambcrts. 

—  _ - 

r 
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APPLICATION. 

10.  The  luminous  material  shall  be  applied  in  such  a  manner  that  it  will  not  become 
loosened  or  detached  under  normal  service  conditions. 

11.  Upon  luminous  parts  that  are  to  be  immersed  in  a  liquid,  the  luminous  material 
must  be  so  applied  that  it  will  not  deteriorate  from  exposure  to  the  liquid. 

12  The  surfaces  to  be  covered  with  the  luminous  material  will  preferably  be  recessed 
or  depressed,  the  material  being  placed  in  the  cavities  thus  formed. 

13.  The  surfaces  to  be  covered  with  the  luminous  material  will  preferably  be  white,  and 
shall  be  so  finished  as  to  prevent  deleterious  chemical  action  upon  the  luminous  material. 

14.  Whenever  practical,  dry  material  (i.  e.,  material  unmixed  with  adhesive)  will  pref¬ 
erably  be  used,  the  material  being  kept  in  place  by  means  of  a  transparent  covering  or  container. 

(The  contract  for  the  illumination  of  the  articles  will  include  in  addition  to  the  foregoing  specifications  the  follow¬ 
ing  provisions.) 

INSPECTION. 

15.  All  luminous  parts  shall  be  subject  to  inspection  at _ by  an  agent  desig¬ 
nated  by . . 

16.  The  inspection  of  the  luminous  parts  will  include  workmanship,  brightness,  unifor¬ 
mity,  and  such  other  points  as  may  be  deemed  desirable. 

TESTING. 

17.  The  inspector  shall  select  for  further  tests  such  samples  as  may  be  deemed  desirable. 
This  testing  will  cover  the  brightness,  life,  and  durability  of  the  illumination.  These  samples 
shall  be  sent  to  the  place  designated  for  such  test,  the  expense  of  transportation  being  borne 

by . - . 

PENALTY. 

18.  (No  recommendation.) 


Figure  1.— Curve  showing  the  secular  variation  in  the  alpha  radiation  from  mesothorium-1  material.  The  time  is  counted  from  the 
beginning  of  the  growth  of  radiothorium.  The  maximum  intensity  of  the  alpha  radiation  is  arbitrarily  chosen  as  100. 


Alpha  Radiation  5  AlpRa.  'Ra.dt&tlOfl 
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the  growth  of  the  polonium,  and  the  maximum  ordinate  is  chosen  as  100. 
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Figure  5. — Curves  showing  the  variation  in  the  brightness  of  two  tubes  of  dry  radium  luminous  material.  The  material  rep¬ 
resented  by  curve  18  contained  0.10  mg.  of  radium  (element)  per  gram  of  material,  that  represented  by  curve  19  contained 
0.15  mg.  of  radium  per  gram. 


SELF-LUMINOUS  MATERIALS. 


349 


Figure  6.— Curve  showing  the  variation  in  the  brightness  of  a  tube  of  dry  radium  luminous  ma¬ 
terial  containing  0.22  mg.  oi  radium  per  gram. 


Figure  7.-Curve  showing  the  variation  in  the  brightness  of  a  tube  of  dry  radium  luminous  material  containing 

0.30  mg.  of  radium  per  gram.  i 
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ALUMINUM  AND  ITS  LIGHT  ALLOYS. 

By  Paul  D.  Merica. 


This  is  the  subject  of  a  recent  circular  issued  by  the  Bureau  of  Standards.1  It  contains 
information  compiled  from  various  sources,  including  the  published  literature,  manufacturers 
of  aluminum  and  its  alloys,  Bureau  of  Standards  test  reports  and  miscellaneous  correspond¬ 
ence  on  the  physical  and  mechanical  properties  of  aluminum  and  its  light  alloys,  with  chapters 
included  on  the  corrosion  and  deterioration  of  the  metal  and  its  alloys. 

A  summary  is  given  of  the  research  work  which  has  been  done  here  and  abroad  on  the 
constitution  and  mechanical  properties  of  the  various  alloy  systems  with  aluminum.  The 
mechanical  properties  and  compositions  of  commercial  light  alloys  for  casting,  forging,  or 
rolling,  obtainable  in  this  country  are  described. 

The  circular  is  completed  by  a  bibliography  of  sources  of  data  and  information.  A  table 
of  contents  follows: 

\.  Aluminum: 

I.  Commercial  aluminum — 

1.  Sources,  metallurgy. 

2.  Commercial  grades,  uses. 

3.  Production,  price. 

II.  Metallography. 

III.  Chemical  properties — 

1.  Corrosion — 

(a)  Protection  of  aluminum  against  corrosion. 

2.  Aluminothermy. 

IV.  Physical  properties — 

1.  Electrical,  magnetic — 

(a)  Electrical  conductivity. 

(b)  Thermo-electromotive  force. 

(c)  Electrolytic  solution  potential. 

( d )  Magnetic  susceptibility. 

2.  Thermal — 

(a)  Change  of  state. 

( b )  Thermal  conductivity. 

(c)  Thermal  expansivity. 

( d )  Specific  heat. 

3.  Optical. 

4.  Mechanical — 

(a)  Elasticity. 

( b )  Tensile  test. 

(c)  Compression  test. 

(d)  Hardness. 

(e)  Alternating  stress  test. 

5.  Miscellaneous — 

(a)  Density. 

V.  Physical  properties  at  higher  and  lower  temperaturec. 

VI.  Technology — 

1.  Casting. 

2.  Working. 

3.  Welding  and  soldering. 

4.  Electrolytic  deposition 

5.  Miscellaneous  operations. 

VII.  The  properties  of  aluminum  as  affected  by  mechanical  work  and  by  heat  treatment. 
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B.  Light  aluminum  alloys. 

VIII.  Investigation  of  alloy  series — 

1.  Aluminum-copper.  . 

2.  Aluminum-iron. 

3.  Aluminum-magnesium. 

4.  Aluminum-manganese  and  aluminum-manganese-copper. 

5.  Aluminum-nickel  and  aluminum-nickel-copper. 

6.  Aluminum-silicon. 

7.  Aluminum-zinc. 

8.  Miscellaneous. 

(a)  Sehirmeister’s  investigations  of  binary  systems. 

(b)  Equilibria,  binary,  and  ternary. 

IX  Commercial  alloys — 

1.  Casting  and  die  casting. 

2.  Rolling  and  forging. 

3.  Duralumin. 

4.  Miscellaneous  alloys. 

X.  Physical  properties  of  light  alloys. 

XI.  Corrosion  and  disintegration  of  light  alloys. 

XIII.  Comparison  of  density  and  mechanical  properties  of  aluminum  alloys  with  other  material  of  construction. 

XIII.  “Heavy  ”  aluminum  alloys. 

XIV.  Appendix — 

1.  Definition  of  physical  terms. 

2.  Specifications  for  aluminum  and  its  alloys. 

3.  Bibliography. 

In  addition  to  the  information  contained  in  Circular  76  of  the  Bureau  of  Standards,  atten¬ 
tion  maybe  called  to  the  series  of  reports  issued  by  that  Bureau  during  the  year  1918,  on  the 
general  subject  of  aluminum  alloy  investigation.  Some  of  the  important  conclusions  of  these 
reports  are: 

I.  REPORT  OF  THE  PREPARATION  AND  TESTS  OF  MAGNESIUM  ALUMINUM  ALLOYS. 

This  work  consisted  in  the  melting  and  casting  of  some  16  alloys  at  the  bureau,  tests  of 
some  of  these  alloys  as  cast,  the  forging  at  the  navy  yard  and  the  rolling  at  the  New  Kensington 
plant  of  the  United  States  Aluminum  Co.  of  others,  and  the  testing  of  these  alloys  as  rolled  and 
as  heat  treated. 

Although  the  work  was  not  extended  enough  in  character  to  admit  of  very  far-reaching 
conclusions,  the  following  may  be  regarded  as  established: 

1.  For  forging  and  rolling  allo}rs  the  magnesium  content  may  apparently  not  go  above  3 
per  cent  since,  without  exception,  it  was  impossible  to  forge  the  6  per  cent  magnesium  alloy 
and  those  containing  only  3  per  cent  of  magnesium  forged  and  rolled  quite  badly. 

2.  Magnesium  aluminum  alloys  of  magnesium  content  higher  than  3  per  cent  are  of  no 
value  for  rolling  or  forging  and  have  questionable  value  only  for  casting,  for  the  reason  that  they 
react  most  readily  while  hot  with  air,  nitrogen,  and  water.  The  exact  limits  of  composition 
for  magnesium  aluminum  casting  alloys  have  yet  to  be  determined,  however. 

3.  The  tensile  strength  values  obtained  upon  these  alloys  in  no  case  were  superior  to  those 

of  standard  duralumin. 

II.  REPORT  OF  THE  PREPARATION  AND  TESTS  OF  ROLLED  ALLOYS— ALUMINUM-MAGNESIUM- 
NICKEL,  ALUMINUM-MAGNESIUM-COPPER,  ALUMINUM-MAGNESIUM-MANGANESE. 

The  results  of  these  tests  on  the  three  ternary  systems  indicate  the  following  important 
conclusions: 

1.  The  alloys  of  aluminum-magnesium-manganese  are  not  affected  by  heat  treatment; 
the  alloys  of  aluminum-magnesium-nickel  only  very  slightly ;  the  alloys  of  aluminum-magnesium - 
copper  show  a  decided  improvement  in  the  physical  properties  after  heat  treatment,  amounting 
to  as  much  as  50  per  cent  increase  in  the  tensile  strength.  (See  Report  III.) 

2.  Even  in  the  rolled  or  the  rolled  and  annealed  condition  the  manganese  and  nickel  ternary 
series  are  inferior  to  the  copper  series  as  far  as  physical  properties  are  concerned;  arranged 
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according  to  strength,  the  copper  series  come  first,  then  the  manganese  series,  and  finally  the 
nickel  series. 

3.  In  the  aluminum-magnesium-copper  series  it  is  advantageous  to  have  the  copper  content 
larger  than  the  magnesium  content,  preferably  twice  as  great. 

The  general  conclusion  then  from  this  investigational  work  is  that  from  the  standpoint 
of  physical  properties,  tensile  strength,  and  hardness,  the  aluminum-magnesium-manganese 
and  aluminum-magnesium-nickel  series  are  not  to  be  considered,  since  they  are  quite  inferior 
to  the  aluminum-magnesium-copper  series.  It  should  not,  however,  be  assumed  from  this 
that  for  all  purposes  the  former  two  series  are  not  useful,  since  for  some  applications  it  is  more 
desirable  to  have  an  alloy  which  is  resistant  to  corrosion  or  which  retains  its  strength  at  higher 
temperatures  rather  than  to  have  merely  a  strong  alloju  For  such  purposes  these  series  may 
prove  to  have  a  value  more  nearly  equal  to  that  of  the  copper  series. 

III.  REPORT  OF  INVESTIGATION  OF  THE  HEAT  TREATMENT  OF  ALLOYS  OF  ALUMINUM  AND 
MAGNESIUM  WITH  COPPER,  MANGANESE,  AND  NICKEL,  RESPECTIVELY. 

It  is  known  that  the  highest  physical  properties  of  aluminum  alloys  containing  magnesium 
and  copper  are  not  obtained  without  heat  treatment  either  immediately  previous  to  or  subse¬ 
quent  to  the  final  forming  operation.  Wilm  has  shown  that  the  tensile  strength  of  the  alloy 
of  magnesium  and  aluminum  is  increased  by  quenching  the  alloy  from  approximately  500°  C. 
and  allowing  it  to  age  for  several  days,  and  has  patented  this  heat  treatment  process.  Curiously 
enough  the  hardening  effect  in  aluminum  alloys  is  not  obtained  by  quenching  alone;  an  alloy 
immediately  after  quenching  is  not  harder  than  originally,  but  increases  in  tensile  strength  and 
hardness  with  time,  such  that  after  a  period  of  several  days  an  increase  of  from  10  to  30  per 
oent  in  hardness  may  be  obtained. 

Until  the  present  investigation  the  status  of  the  heat  treatment  of  aluminum  alloys  has 
remained  as  Wilm  left  it,  with  no  further  attention  to  the  effect  which  variation  in  heat-treating 
conditions,  quenching  temperature,  time  and  temperature  of  “ageing,  ”  temperature  of  quenching 
medium  have  upon  the  physical  properties  produced. 

Of  the  many  interesting  facts  which  have  been  disclosed  by  this  investigation,  the  following 
seem  to  be  the  most  important  from  the  practical  standpoint: 

The  physical  properties  which  are  obtained  from  heat  treatment,  consisting  of  quenching 
and  ageing,  are  dependent  upon  the  conditions  under  which  this  heat  treatment  is  carried  out. 
The  general  method  described  originally  by  Wilm  and  patented  by  him  is  not  the  most  satis¬ 
factory  method  of  heat  treatment  of  aluminum-magnesium-copper  alloys.  A  much  better 
heat  treatment  consists  in  the  quenching  of  the  material  from  a  temperature  varying  from 
510°  C.  to  520°  C.  in  a  bath  at  a  temperature  of  from  100°  C.  to  150°  C.  and  ageing  preferably  in 
this  bath  at  the  same  temperature  for  from  10  to  15  hours,  or  at  ordinary  temperature  for  three 
or  four  days.  By  this  treatment  better  physical  properties  are  secured  and  with  less  loss  of 
time  during  ageing.  The  tendency  of  such  alloys  to  crack  during  quenching  is  also  lessened  by 
quenching  to  100°  C.  instead  of  to  20°  C. 

IV.  FURTHER  INVESTIGATION  OF  THE  HEAT  TREATMENT  OF  THE  DURALUMIN  TYPE  OF 

ALUMINUM  ALLOY. 

The  object  of  this  work  was  to  establish  further  the  laws  of  the  effect  of  varying  heat  treat¬ 
ment  conditions — quenching  temperature,  time  and  temperature  of  ageing,  on  the  physical 
properties  of  duralumin,  and  to  determine  the  best  practical  conditions  for  this  heat  treatment. 
The  results  justify  the  following  conclusions: 

(1)  There  is  not  in  the  case  of  the  duralumin  type  of  alloy,  as  there  is  in  the  case  of  steel,  a 
definite  quenching  temperature  which  marks  the  limit  of  the  property  of  the  material  to  harden ; 
duralumin  may  be  hardened  by  quenching  (followed  by  ageing)  from  temperatures  varying  from 
250°  C.  to  520°  C.,  and  the  hardness  obtained  by  quenching  from  these  temperatures  increases 
uniformly  as  the  quenching  temperature  increases,  reaching  a  maximum  at  the  latter  tem¬ 
perature. 
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(2)  Duralumin,  on  the  other  hand,  is  similar  to  steel  in  the  fact  that  the  tempering  of  it 
or  aging  after  quenching  is  determined  by  two  factors:  time  and  temperature.  A  temperature 
of  150°  C.  marks  what  may  be  called  a  critical  temperature  with  respect  to  the  ageing  of  duralu¬ 
min;  i.  e.,  above  that  temperature  continued  ageing  may  cause  a  decrease  in  hardness  after  the 
maximum  hardness  is  attained,  whereas  below  that  temperature  no  such  subsequent  decrease 
of  hardness  occurs.  The  lowest  temperature  at  which  the  maximum  hardness  may  be  obtained 
s  approximately  125°  C. 

(3)  The  rate  of  increase  of  hardness  with  time  upon  ageing  is  roughly  proportional  to  the 
temperature  of  ageing. 

(4)  The  period  of  time  of  holding  the  specimen  at  the  quenching  temperature  before 
quenching  has  but  an  inappreciable  effect  on  the  properties  obtained;  on  the  other  hand,  an 
improvement  in  the  hardness  of  specimens  quenched  from  temperatures  below  from  500°  C.  to 
520°  C.  is  obtained  by  preheating  them  before  quenching  to  the  latter  range  of  temperature. 
Specimens  held  for  21  hours  at  the  higher  quenching  temperatures  before  quenching  (515°  C. 
to  525°  C.)  were  blistered  with  consequent  decrease  in  hardness. 

(5)  Heating  the  material  above  520°  C.  is  generally  detrimental;  the  material  usually 
blisters  and  an  oxide  layer  is  formed  on  the  surface. 

(6)  The  following  tensile  properties  have  been  obtained  on  rolled  sheet  of  the  above 

composition:  _ 


Tensile  strength. 

Proportional  limit. 

Elongation  in 

2  inches. 

Pounds  per  sq.  in. 
00.000 

60,000 

Pounds  per  sq.  in. 
40,000 

30,000 

Per  cent. 

6 

20 

These  properties  may  be  obtained  by  quenching  from  515°  C.  followed  by  ageing  for  one 
week  at  from  125°  C.  to  150°  C.,  depending  upon  whether  a  high  proportional  limit  with  low 
ductility  is  desired  (ageing  temperature  of  150°  C.)  or  the  converse. 
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THE  STRENGTH  OF  ONE-PIECE  SOLID,  BUILT-UP  AND  LAMINATED  WOOD  AIRPLANE 

WING  BEAMS. 

By  John  H.  Nelson. 


The  present  war  has  caused  an  unprecedented  demand  for  selected  spruce  for  airplane 
construction.  The  increased  demand  has  necessarily  caused  a  greatly  increased  output. 
However,  the  magnitude  of  the  requirements  and  methods  of  construction,  whereby  a  large 
part  of  the  selected  stock  is  wasted  in  the  construction  of  the  one-piece  beams,  makes  the 
problem  of  furnishing  sufficient  selected  stock  a  very  serious  one,  even  with  the  enlarged  output. 

The  remedy  for  this  condition  lies  either  in  the  discovery  of  a  perfectly  satisfactory  sub¬ 
stitute  for  the  spruce  now  used,  or  in  the  development  of  some  method  of  construction  which 
will  conserve  the  present  supply  by  utilizing  more  of  the  selected  material. 

In  an  attempt  to  find  a  solution  of  the  above  problem,  certain  experiments  were  conducted 
during  the  past  year  at  the  Bureau  of  Standards.  Tests  were  made  on  several  of  the  more 
common  woods  to  determine  their  suitability  as  substitutes  for  spruce.  Further,  beams  built 
up  of  three  pieces  or  of  laminated  construction  have  been  tested  to  determine  their  strength 
in  comparison  with  the  one-piece  construction. 

The  built-up  and  laminated  constructions  eliminate  the  waste  involved  in  the  process  of 
cutting  an  I  section  from  solid  timber.  In  such  construction  it  is  also  possible  to  use  wood 
in  short  lengths,  and  though  the  cost  of  manufacturing  built-up  beams  is  somewhat  greater 
than  that  of  producing  the  solid  beams,  the  cost  of  the  raw  material  utilized  is  much  less  than 
the  cost  of  the  carefully  selected  timbers  used  for  solid  beams. 

The  purpose  of  this  report  is  to  summarize  the  results  of  all  wood  airplane  wing  beams 
tested  to  date  in  the  Bureau  of  Standards  laboratory  in  order  that  the  various  kinds  of  wood 
and  methods  of  construction  may  be  compared. 

All  beams  tested  were  of  an  I  section  and  the  majority  were  somewhat  similar  in  size  and 
cross  section  to  the  front  wing  beam  of  the  Curtiss  JN-4  machine. 

As  to  methods  of  construction,  the  beams  may  be  classed  as  (1)  solid  beams  cut  from  solid 
stock;  (2)  three-piece  beams,  built  up  of  three  pieces,  web  and  flanges  glued  together  by  a 
tongue-and-groove  joint;  and  (3)  laminated  beams  built  up  of  thin  laminations  of  wood  glued 
together. 

This  report  includes  three  sets  of  test  data: 

(a)  Fourteen  solid  beams,  designated  by  English  numerals  in  this  report,  were  made  in 
the  Bureau  of  Standards  shop.  The  purpose  of  these  tests  was  (1)  to  determine  the  suitability 
of  fir  and  cypress  woods  for  airplane  use,  compared  with  Sitka  spruce,  and  (2)  to  determine 
whether  a  plain  rectangular  I-section  beam  possessed  any  advantage  over  the  oblique  I-section 
beam,  which  is  used  at  present,  other  than  the  advantage  of  simplicity  in  shop  practice. 

( b )  Fifteen  beams  were  submitted  for  test  by  the  Naval  Aircraft  Factory,  Philadelphia. 
These  beams  were  designated  by  the  Roman  No.  I,  to  identify  the  series,  followed  by  sub- 
numbers  5  to  19,  to  indicate  the  beams  of  the  series.  These  beams  were  all  built  of  spruce; 
seven  were  solid  beams  and  eight  were  three-piece  beams.  These  tests  were  made  (1)  to  deter¬ 
mine  the  advantage  of  the  rectangular  I-section  over  the  oblique  I-section,  if  any;  (2)  to  compare 
three-piece  beams  with  solid  beams;  and  (3)  to  determine  the  effect  of  splicing  three-piece  beams. 
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(c)  Twenty-three  laminated  beams  were  submitted  for  test,  14  by  the  West  Woodworking 
Co.  of  Chicago,  and  9  by  Aeronautical  Equipment  (Inc.),  of  New  York  City.  These  beams 
are  designated  by  Roman  numerals  throughout  this  report.  Four  of  these  beams  were  built 
of  cypress  wood  and  the  remainder  of  spruce;  a  number  of  the  spruce  beams  had  additional 
laminations  of  hardwood  placed  advantageously  in  the  beam  section.  These  beams  were  tested 
to  determine  the  merits  of  laminated  beam  construction,  with  the  view  of  using  it  as  a  substitute 
for  solid  beams. 

All  beams  were  90  inches  long.  A  sketch  of  each  beam  section,  giving  its  dimensions  and 
properties,  is  shown  on  the  following  pages.  Photographs  are  also  shown  of  sections  cut  from 
laminated  beams  I  to  XX. 

METHODS  OF  TEST. 

All  beams  were  tested  for  transverse  strength  by  two-point  loading.  Load  was  applied 
at  points  24  inches  from  supports  in  an  84-inch  span. 

A  vibratory  or  repeated  stress  test  was  made  on  beam  No.  X  to  note  the  effect  of  vibrations 
upon  a  laminated  beam.  The  beam  was  loaded  repeatedly  to  a  stress  of  about  two-thirds 
the  elastic  limit.  Applications  of  stress  occurred  at  the  rate  of  74  per  minute  for  14|  hours. 
It  was  then  loaded  to  rupture  and  the  results  noted. 

Shear  tests  of  glued  joints  were  made  on  sections  cut  from  a  number  of  the  first  laminated 
beams,  to  determined  the  ability  of  the  glue  joints,  between  the  web  and  flanges,  to  withstand 
shear  stresses.  To  avoid  unnecessary  columns  of  figures,  the  glue  shear  test  data  will  be  omitted 
from  this  report.  The  results  showed  the  glue  joint  to  be  stronger  in  shear  than  the  wood 
web  section  in  the  case  of  relatively  dry  test  specimens,  and  also  in  the  case  of  moist  specimens 
exposed  for  four  and  one-half  days  in  a  humidity  chamber  (relative  humidity  65  per  cent 
saturation,  at  65°  F)  before  being  tested. 

GENERAL  CONCLUSIONS. 

While  this  report  does  not  contain  data  from  an  exhaustive  series  of  tests  on  built-up 
beam  constructions,  it  is  apparent  that  the  results  obtained  are  conclusive  enough  to  warrant 
the  acceptance  of  certain  definite  conclusions.  This  is  true  notwithstanding  the  fact  that 
the  work  was  carried  out  under  conditions  which  precluded  certain  desirable  scientific  require¬ 
ments  such  as  identical  material  for  all  beams. 

1.  It  is  apparent  that  beams  of  fir  can  be  produced  which,  weight  for  weight,  will  prove 
as  strong  as  those  made  of  spruce,  but  will  not,  however,  show  quite  the  same  stiffness; 
further,  that  cypress  can  not  be  considered  as  a  satisfactory  substitute  for  spruce.  (Cf.  data 
on  beams  1  to  15  solid  beams;  beams  VII  and  VIII  of  laminated  construction.) 

2.  On  the  basis  of  equal  section  moduli  the  rectangular  sections  are  stronger  than  the 
oblique  sections.  (Cf.  data  on  beams  1  to  15  solid.) 

3.  Beams  made  up  of  three  pieces  can  be  produced  which  will  be  as  strong  as  the  solid 
beam  construction.  While  these  tests  indicate  that  a  larger  variation  in  strength  may  be 
expected  with  the  three-piece  beams,  such  variation  is  apparently  not  more  than  that  which  is 
ordinarily  expected  with  wood  construction.  The  solid  beams  with  which  the  three-piece 
beams  were  compared  gave  remarkably  consistent  strengths  for  wood  construction. 

4.  Beams  of  the  laminated  construction  can  be  built  which  will  be  as  strong  as  the  one- 
piece,  (solid)  construction. 

5.  The  details  of  construction  employed  in  three-piece  and  laminated  constructions  have 
a  large  influence  on  the  strength  of  the  finished  beam: 

(a)  Three-piece  and  laminated  beams  are  not  weakened  when  properly  spliced.  Scarf 
joints  only  are  permissible  for  splices.  Butt  joints  are  unsatisfactory.  A  suitable  scarf  joint 
is  made  by  cutting  the  ends  to  be  spliced  with  a  slope  of  three-fourths  in  10;  these  ends  are  then 
overlapped  and  glued.  (Cl',  beams  1-5  to  1-19  and  remarks  on  beams  I  to  IV,  XVI  to  XVIII, 
and  XXIII.) 
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(b)  The  laminations  should  be  relatively  thick  and  preferably  not  less  than  one-eighth 
inch  thick.  It  will  be  noted  by  comparing  the  “specific  strengths,”  given  on  summary  curve, 
with  the  corresponding  beam  sections  that  the  beams  with  thicker  laminations  have  the  higher 
specific  strengths. 

(c)  Web  and  flange  reinforcement  of  dense-wood  veneers  increases  the  strength  of  the 
beams  decidedly.  Many  of  the  failures  were  mainly  web  failures,  due  to  horizontal  shearing 
stresses.  The  reinforcement  of  the  web  by  a  centerpiece  of  a  dense- wood  veneer  having  its 
grain  placed  vertical  would  prove  efficient  reinforcement  against  horizontal  shear  failures;  and 
this  fact  is  no  doubt  largely  responsible  for  the  increased  strength  shown  by  beams  thus  con¬ 
structed.  (Cf.  compare  beams  XV,  XVI  with  XVII  and  XVIII  and  beam  XII  with  XIII  and 
XIV.) 

(d)  Beams  of  glued  construction  are  apparently  not  weakened  by  continued  vibrations. 
(Cf,  tests  of  beam  X.) 

(e)  Glued  constructions  are  as  strong  in  shear  as  the  wood  from  which  they  are  made,  even 
when  the  beams  have  been  exposed  to  moisture. 

(/)  Built-up  beams  will  show  stiffness  equal  to  that  of  the  solid  beams  only  when  the  con¬ 
struction  is  of  the  highest  type. 


Summary  of  tests  on  solid-wood  airplane  beams. 

[Each  beam  90  inches  long,  tested  (or  transverse  strength  by  loading  at  two  points  24  inches  from  supports  in  an  84-inch  span.] 


No. 

Kind  of  wood. 

Per  cent 
moisture. 

Weight 
(pounds 
per  linear 
foot). 

Area  of 
section 
(square 
inches). 

Moment  of 
inertia 
(in."). 

Section 

modulus 

(in.*)- 

Load  P  (pounds). 

Fiber  stress  (lbs.  sq.  in.). 

At  P  limit. 

Ultimate. 



At  P  limit. 

Ultimate. 

1.... 

Spruce . 

7.3 

0.550 

2. 362 

2.407 

1.494 

300 

450 

4,820 

7,230 

2 

do . 

7.2 

.525 

2. 362 

2.407 

1.494 

250 

375 

4,010 

6,020 

3  .. 

. do . 

7.5 

.550 

2.362 

2.407 

1.494 

275 

485 

4,420 

7,800 

4.... 

Fir . 

6-3 

.475 

2.362 

2.407 

1.494 

325 

430 

5, 220 

6,900 

5  _ 

. do . 

6.7 

.508 

2.362 

2.407 

1.494 

275 

485 

4,420 

7,800 

« . 

8.7 

.533 

2  362 

2.407 

1.494 

300 

520 

4,820 

8,350 

7.... 

Spruce . 

7.2 

.566 

2. 542 

2  210 

1.665 

325 

575 

4,690 

8,300 

8 

. do . 

7.2 

.542 

2. 542 

2.210 

1.665 

250 

475 

3,600 

6,850 

9 

.do . 

7.6 

.575 

2. 542 

2. 210 

1.665 

375 

500 

5,400 

7,200 

10.... 

Fir . 

11.6 

.583 

2.596 

2.330 

1.735 

425 

610 

5, 8S0 

8,450 

U 

. do . 

7.2 

.575 

2  596 

2  330 

1.735 

400 

600 

5,530 

8,300 

12 

. do . 

7.1 

.558 

2.596 

2  330 

1.735 

350 

525 

4,840 

7,260 

14 

Cypress . 

.563 

2.574 

2.353 

1  730 

325 

525 

4,510 

7,290 

15.... 

.584 

2  574 

2  353 

1.730 

300 

500 

4,160 

6,940 

Test  data  of  spruce  wing  beams. 


ITested  for  Naval  Aircraft  Factory.  Each  beam  90  inches  long,  tested  for  transverse  strength  by  loading  at  two  points  24  inches  from  supports 

in  an  84-inch  span.] 


No. 

Weight 
(pounds 
per  linear 
foot). 

Area  of 
section 
(square 
inches). 

Per  cent 
moisture. 

Moment  of 
inertia 
(in."). 

Section 

modulus 

(in.»). 

Fiber  stress  (lbs.  sq.  in.). 

At  P  limit. 

Ultimate. 

0.442 

2.380 

11.2 

2.196 

1.585 

4,550 

7,400 

.439 

2.380 

10.8 

2.196 

1.585 

4,700 

7,550 

.440 

2.380 

10.5 

2.196 

1.585 

4,550 

7,600 

.543 

2.840 

11.0 

3.418 

2.220 

4,320 

7,540 

.538 

2.840 

10.7 

3.148 

2.220 

4,320 

6,860 

.448 

2.500 

11.0 

2.780 

1.700 

4,940 

6,970 

1-11 . 

.442 

2.500 

11.4 

2. 780 

1.700 

5,300 

7,050 

.456 

2.375 

9.2 

2.154 

1.566 

5,370 

8,140 

.430 

2.375 

9.6 

2.154 

1.566 

4,220 

6,600 

.445 

2.375 

10.0 

2. 154 

1.566 

4,980 

7,400 

I  15 . 

.434 

2.375 

9.3 

2.154 

1.566 

4,600 

7,710 

1—16 . : . 

.530 

2.525 

9.8 

2.820 

1.750 

5,490 

9,060 

1-17 . 

.530 

2.525 

10.0 

2. 820 

1.750 

5,490 

8,440 

1-18 . 

.464 

2.513 

8.9 

2. 724 

1.700 

5,300 

8,050 

.464 

2.513 

8.5 

2.724 

1.700 

4,940 

7,200 
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Summary  of  tests  on  laminated  airplane  beams. 

[Each  beam  90  inches  long,  tested  for  transverse  strength  by  loading  at  two  points  24  inches  from  supports  in  an  84-inch  span.] 


No. 


I . 

TI . 

Ill _ 

IV.... 
V . 

VI. ... 

VII. .. 

VIII. . 

IX. ... 

X . 

XI. ... 

XII. .. 

XIII. . 

XIV .  . 

XV. .. 

XVI. . 

XVII. 
XVIII 

XIX. . 

XX. .. 


XXI. . 

XXII. 
XXIII 


] 

Kind  of  wood. 

Per  cent 
moisture. 

Weight 

(pounds 

Area  of 
section 

Moment  of 
inertia 

(in-4). 

Section 

modulus 

(in.3.) 

Load  P  (pounds). 

per  linear 
foot). 

(square 

inches). 

At  P  limit. 

Ultimate. 

Spruce . 

6. 79 

0.610 

2.674 

3.222 

2.022 

400 

585 

Cypress . 

8.25 

.665 

2.695 

3.370 

2. 073 

325 

500 

Spruce . 

6.54 

.690 

3,093 

4.910 

2.661 

450 

650 

Cypress . 

7.35 

.656 

2,879 

4. 466 

2.842 

375 

525 

Spruce . 

6.66 

.654 

3,121 

2,600 

1,912 

425 

670 

6.59 

.674 

3.121 

2.600 

1.912 

425 

750 

Cypress . 

.620 

3.121 

2.600 

1.912 

350 

585 

8.05 

.596 

3.121 

2. 600 

1.912 

300 

523 

Spruce . 

7.22 

.540 

2. 495 

2.594 

1.616 

350 

620 

6.76 

.483 

2.480 

2.600 

1.625 

325 

654 

6.89 

.675 

3. 245 

2.312 

1.670 

450 

859 

6.36 

.566 

2. 544 

2.640 

1.631 

400 

746 

- do . 

7.89 

.590 

2.451 

2. 633 

1.580 

375 

589 

- do . 

7.89 

.590 

2.451 

2.633 

1.580 

350 

575 

- do . 

8.00 

.520 

2.412 

2.670 

1.624 

325 

485 

7.89 

.501 

2.412 

2.670 

1.624 

300 

425 

- do . 

7.78 

.529 

2.412 

2.670 

1.624 

375 

565 

7.35 

.500 

2.412 

2.670 

1.624 

350 

527 

- do . 

8.26 

.525 

2. 366 

2.680 

1.600 

300 

450 

_ do . 

8. 64 

.529 

2.366 

2.680 

1.600 

300 

437 

15.50 

.632 

2. 845 

2.400 

1.780 

350 

553 

. do . 

16.50 

.725 

3.135 

2.937 

2.040 

375 

598 

6.65 

.508 

2.450 

2. 630 

1.585 

300 

465 

Fiber  stress  (lbs.  sq.  in.). 


At  P  limit. 


4,740 

3,770 

4,060 

3,620 

5,340 

5,340 

4,400 

3,770 

5,200 

4,800 

6,460 

5,890 

5,690 

5,310 

4,810 

4,440 

5,550 

5,170 

4,500 

4,500 

4,720 

4,420 

4,540 


Ultimate. 


6,940  ‘ 
5,800 
5,860 
5,060 

8.420 

9.420 
7,340 
6,560 
9,200 
9,660 

12,350 

11,000 

8,950 

8,740 

7,170 

6,280 

8,350 

7,790 

6,750 

6,560 

7,460 

7,050 

7,040 


REMARKS  ON  TESTS. 

Solid  beams  of  Bureau  of  Standards  shop  (Nos.  1  to  15).— All  solid  wood  beams  of  spruce  and 
fir  (Nos.  1  to  12)  failed  in  compression.  Beam  No.  2  was  a  poor  specimen  as  it  contained  a  pitch 
pocket;  this  accounts  for  failure  at  such  a  low  load.  The  solid  beam  of  cypress  wood,  No.  14, 
failed  in  tension  and  horizontal  shear.  Cypress  beam  No.  15  failed  in  tension. 

Solid  beams  from.  Naval  Aircraft  Factory  (Nos.  1-6  to  I— 11). — Each  of  these  beams  failed  in 
compression.  The  compression  failures  in  beams  1-5  and  1-7  were  followed  by  horizontal 
shear  failures.  These  beams  ran  quite  uniform,  as  is  shown  by  the  values  for  “specific  strength  ” 
on  the  summary  chart  of  results. 

Three-piece  beams  from  Naval  Aircraft  Factory  (Nos.  1-12  to  1-19). — Each  of  these  beams 
failed  in  compression.  Failure  was  not  due  to  splices  in  the  case  of  the  spliced  beams  (Nos.  1-14, 
1-15, 1-18,  and  1-19).  While  these  beams  do  not  run  as  uniform  in  strength  as  the  solid  beams 
above,  the  variation  is  not  greater  than  is  to  be  expected  in  wood.  Moreover,  the  average 
specific  strengths  of  the  three-piece  beams  is  a  trifle  greater  than  for  the  solid  beams. 

Laminated  beams. — Beams  I  and  III  of  spruce  and  II  and  IV  of  cypress  failed  in  compres¬ 
sion.  These  beams  were  poorly  constructed.  A  number  of  laminations  in  each  beam  were 
spliced;  the  splices  were  butt  joints  which  were  not  closely  butted.  Consequently  failure  in 
each  beam  occurred  at  a  lamination  splice. 

Beams  V  and  VI  were  better  constructed  and  were  equal  to  solid  wood  in  specific  strength. 

Beams  VII  and  VIII  of  cypress  wood  failed  in  tension.  The  wood  in  these  beams  was  of 
poor  quality  and  appeared  to  be  decayed. 

Beam  No.  X  failed  in  compression. — Beam  No.  X  was  given  a  vibratory  or  repeated  stress 
test  before  being  subjected  to  the  regular  transverse  test.  The  purpose  was  to  determine 
whether  or  not  the  stiffness  or  strength  of  the  beam  would  be  affected  by  a  test  of  this  nature. 
The  results  indicate  that  the  vibratory  test  had  no  effect  upon  the  beam.  The  vibratory  test 
was  not  of  a  very  severe  nature.  This  beam  failed  in  compression  at  the  center,  and  in  shear 
over  the  entire  length  of  the  web.  The  beam  contained  no  splices  in  the  laminations. 

Beam  No.  XI  was  a  rear  wing  beam  of  a  larger  section  than  the  other  beams.  This  beam 
carried  an  exceedingly  high  load. 

Beam  No.  XII,  although  classed  as  a  laminated  beam,  is  quite  different  from  the  others. 
The  birch  lamination  or  veneer  in  the  center  has  the  grain  running  in  the  direction  of  the  depth 
of  the  beam  section.  This  beam  was  bowed  laterally  to  the  extent  of  inch  at  the  center 
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and  the  left  side  of  the  section  was  cracked  in  the  web  from  the  birch  veneer  center  to  the  out¬ 
side  for  the  entire  length,  as  shown  in  the  photograph.  The  left  side  was  on  the  convex  side 
of  the  bow.  In  spite  of  these  defects,  this  beam  carried  a  very  high  load,  which  shows  that  this 
is  a  very  good  type  of  construction. 

Beams  XIII  and  XIV  both  failed  in  compression.  While  these  beams  were  not  as  strong 
as  some  of  the  preceeding  ones,  they  are  practically  equal  in  strength  to  the  solid  wood  beams. 

Beams  XV  and  XVI  were  not  as  strong  as  solid  wood  beams.  This  was  evidently  due  to  the 
facts  that  the  lamination  splices  were  poorly  made  and  that  the  laminations  are  too  thin.  Failure 
occurred  at  lamination  splices. 

Beams  XVII  and  XVIII  are  equal  to  solid  wood  beams.  These  two  beams  contained  poor 
lamination  splices,  practically  the  same  as  beams  XV  and  XVI.  The  superiority  of  these  beams 
over  beams  XV  and  XVI  was  due  to  the  mahogany  caps  on  the  top  and  bottom  and  the 
mahogany  veneer  in  the  center.  Failure  occurred  at  lamination  splices. 

Beams  XIX  and  XX  were  inferior  to  solid  wood  beams  even  though  they  had  mahogany 
caps  and  veneer.  This  is  undoubtedly  due  to  the  fact  that  the  laminations  were  too  thin. 

Beam  XIX  failed  at  a  lamination  splice,  but  XX  did  not. 

Beams  XXI  and  XXII  were  built  similar  to  beam  XI.  Both  failed  in  compression;  failures 
occurred  very  slowly.  These  beams  were  both  inferior  to  solid  wood  beams.  This  was  probably 
due  to  the  high  moisture  content  as  is  shown  on  the  chart  of  results. 

Beam  No.  XXIII  was  built  similar  to  beam  XXII,  and  in  addition  each  half  of  the  section 
was  spliced,  splices  being  located  at  points  of  maximum  moments.  This  beam  proved  to  be 
inferior  to  solid  wood  beams  due  to  poorly  selected  wood  and  not  to  the  fact  that  it  contained 
splices.  The  spruce  wood  was  grained  diagonally,  the  grain  sloping  1  in  10;  the  veneer  was 
soft  gum  wood  having  a  low  shear  strength;  and  the  caps  were  of  ash,  which  is  not  suitable  for 
this  purpose.  The  results  of  this  test  demonstrate  that  this  type  of  beam  can  be  spliced  without 

causing  a  weak  point. 
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THE  STRUCTURE  OF  AIRPLANE  FABRICS. 

By  E.  Dean  Walen. 


This  report  was  prepared  at  the  Bureau  of  Standards  for  the  National  Advisory  Committee 
for  Aeronautics.  The  Third  Annual  Report  of  the  National  Advisory  Committee  for  Aeronautics 
contained  a  progress  report  by  the  author  on  the  development  of  cotton  airplane  fabrics,  in  which 
it  was  concluded  that  cotton  fabric  could  be  made  which  would  be  suitable  for  airplane  fabrics, 
notwithstanding  the  fact  that  previous  experimenters  had  believed  that  it  was  impossible  to  use 
successfully  airplane  fabrics  made  of  cotton.  Since  that  time  it  has  been  demonstrated  practi¬ 
cally  that  cotton  airplane  fabrics  are  satisfactory,  and  they  are  giving  service  results  equal  to 
if  not  better  than  the  conventional  linen  fabrics.  It  is  thought  that  a  brief  history  of  the 
development  and  service  of  the  cotton  airplane  fabrics  may  be  of  interest. 

On  request  of  the  National  Advisory  Committee  for  Aeronautics  the  Bureau  of  Standards 
began  experimenting  as  early  as  January,  1916,  to  determine  the  feasibility  of  substituting 
cotton  for  the  linen  airplane  fabrics.  A  thorough  study  of  the  properties  of  the  linen  airplane 
fabric  was  made,  together  with  a  more  or  less  general  consideration  of  the  distribution  of 
stresses  in  an  airplane-wing  covering.  It  was  not  until  March,  1917,  that  we  were  able  to 
issue  instructions  for  the  manufacture  of  experimental  fabrics,  which  proved  to  be  very  satis¬ 
factory.  The  first  fabrics  of  this  series  were  received  on  or  about  the  first  of  April,  1917,  and 
as  the  series  progressed  changes  were  suggested;  and  during  the  early  part  of  May,  1917,  a 
fabric  had  passed  the  requirements  of  our  laboratory  tests.  The  next  important  problem  was 
to  determine  the  actual  performance  of  these  fabrics.  To  that  end,  samples  were  placed  on 
Army  airplanes  at  Langley  field  and  on  Navy  airplanes  at  Pensacola  during  August,  1917. 
Similar  fabrics  were  later  sent  by  the  Signal  Corps  to  the  Canadian  Aeroplane  Co.,  of  Toronto, 
Canada,  and  they  were  placed  on  airplanes  by  the  middle  of  October. 

The  results  of  the  service  tests  demonstrated  that  the  fabrics  were  satisfactory  and  that 
service  results  could  be  reliably  predicted  in  the  laboratory.  In  view  of  this,  we  felt  justified 
in  changing  the  structure  of  the  experimental  fabrics;  and  the  result  is  the  present  grade  A 
cotton  fabric. 

On  August  24,  1917,  a  conference  held  between  the  military  authorities  and  representatives 
of  the  bureau  resulted  in  the  Signal  Corps  equipment  division  ordering  that  the  Bureau  of 
Standards  supply  the  necessary  specifications  covering  the  purchase  of  500,000  yards  of  cotton 
airplane  fabric.  The  specifications  were  transmitted  by  the  Bureau  of  Standards  on  September 
5,  1917,  covering  the  fabrics  known  as  grade  A  and  B.  A  few  days  later  the  bureau  supplied 
the  necessary  information  regarding  the  apparatus  and  methods  of  testing  and  inspecting. 

The  Department  of  Agriculture  was  invited  to  assist  in  further  development  of  cotton 
airplane  fabrics;  and  they  began  their  experiments  during  September,  1917.  In  April,  191S, 
the  Signal  Corps  submitted  samples  which  were  understood  to  be  the.  result  of  these  investiga¬ 
tions;  these  dealt  with  the  use  of  the  various  cottons  and  the  results  are  appended. 

It  is  understood  that  the  British  Government  is  now  using  the  grade  A  fabric  with  a  good 
degree  of  satisfaction. 

The  study  of  aircraft  fabrics,  which  has  been  an  entirely  new  one,  may  be  divided  into 
three  parts: 

1.  The  determination  of  what  properties  should  be  studied. 

2.  The  development  of  methods  of  determining  the  desired  properties. 

3.  The  determination  of  the  factors  of  manufacture,  which  influence  the  properties,  together 
with  the  magnitude  of  the  influence. 
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THE  DETERMINATION  OF  THE  PROPERTIES  TO  BE  STUDIED. 

A  consideration  of  the  method  of  covering  an  airplane  wing  and  subsequently  treating  it 
with  dope,  together  with  the  consideration  of  the  airplane  in  fligh  t  under  normal  and  abnormal 
conditions,  leads  to  the  conclusions  that  the  following  properties  should  be  studied,  and  that 
the  most  advantageous  combination  of  the  properties  is  the  most  satisfactory  fabric. 

1.  The  weight  (maximum  allowable  being  4  to  4.5  ounces  per  square  yard). 

2.  The  factor  of  safety  of  the  covering: 

(a)  When  subjected  to  pressure. 

(b)  When  subjected  to  tear  stresses. 

(c)  When  subjected  to  vibration. 

(d)  When  subjected  to  wing  deflection. 

(e)  When  subjected  to  combinations  of  (a),  ( b ),  ( c ),  and  (d). 

3.  The  preservation  of  the  contour  lines  of  the  wing. 

4.  The  surface  friction. 

5.  The  tightness  to  air. 

6.  The  dope  consumption. 

7.  The  ease  of  application  to  the  wing. 

8.  The  ease  of  manufacture. 

The  problem  of  constructing  apparatus  to  determine  all  these  properties  experimentally 
has  by  no  means  been  solved,  but  it  is  thought  that  the  test  methods  discussed,  together  with 
a  consideration  of  the  mechanics  of  the  problem,  are  sufficient  to  predict  with  a  reasonable 
degree  of  certainty  the  relative  value  of  the  fabrics  experimented  with. 

TEST  METHODS. 

Moisture. — It  is  a  well-known  fact  that  the  properties  of  all  textile  materials  are  influenced 
by  the  moisture  conditions  to  which  they  are  exposed;  for  instance,  the  vegetable  fibers  increase 
in  strength  with  an  increase  of  moisture  content,  and  the  animal  fibers  are  influenced  in  the 
reverse  direction.  For  the  purpose  of  laboratory  testing,  it  is  considered  best  to  test  these 
materials  after  they  have  been  exposed  to  a  constant  condition  of  atmosphere  which  may  be 
taken  to  be  representative  of  the  average  conditions  throughout  the  year.  In  this  paper  all 
physical  determinations  are  made  after  the  material  has  been  subjected  to  an  atmosphere  of 
65  per  cent  relative  humidity  at  70°  F.  for  a  period  of  three  hours.  It  has  been  found  that  at 
the  end  of  this  time  the  moisture  content  of  the  material  is  sensibly  in  equilibrium  with  that  of 
the  atmosphere. 

The  effect  of  moisture  on  the  doped  fabric  is  not  so  pronounced  as  on  the  undoped  fabric 
in  the  case  of  both  linen  and  cotton,  but  the  effect  of  moisture  on  the  doped  silk  fabric  produces 
a  very  marked  loss  of  tightness.  Linen,  when  thoroughly  soaked,  is  increased  in  strength  by  a 
larger  percentage  than  is  cotton;  and,  inasmuch  as  the  materials  are  only  occasionally  in  approxi¬ 
mately  this  condition,  it  appears  that  the  results  are  less  misleading  if  determined  from  tests 
made  upon  materials  which  have  been  tested  under  normal  conditions. 

The  effect  of  humidity  upon  the  strength  of  linen  and  cotton  has  been  published  in  the 
British  Reports  on  Aeronautical  Fabrics,  but  it  is  believed  that  the  foregoing  discussion  is 
sufficient  for  this  paper. 

The  properties  of  textile  materials  which  have  been  determined  in  the  past  and  which  are 
of  interest  to  this  discussion  are  weight,  thread  count,  yarn  number,  twist,  and  tensile  strength, 
and  for  completeness  these  will  be  given  brief  consideration. 

Weight. — The  weight  was  determined  by  cutting  several  samples  of  4  square  inches  by 
means  of  a  die,  and  these  samples  were  weighed  on  a  torsion  balance  calibrated  to  read  directly 
in  ounces  per  square  yard.  The  method  of  hand  brushing  of  dope  onto  the  fabric  prevents  the 
accurate  determination  of  doped  weights,  and  accordingly  the  weights  given  are  only  indicative 
of  general  tendencies. 
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Thread  count. — The  thread  count  is  taken  to  mean  the  number  of  threads  per  inch  in  the 
warp  or  filling,  and  was  determined  by  actually  counting  the  threads  wdth  a  suitable  counter. 

The  yarn  number. — The  yarn  number  is  the  weight  per  unit  length  of  the  yarn,  but  it  is 
expressed  in  terms  of  the  number  of  standard  length  to  weigh  1  pound.  It  was  determined  by 
weighing  a  known  length  of  yarn  and  the  number  was  subsequently  calculated. 

Twist. — The  twist  is  the  number  of  turns  of  twist  which  have  been  put  into  the  yarn,  and, 
in  this  paper,  was  determined  by  untwisting  the  yarn,  and  the  turns  per  inch  expressed  in  terms 
of  the  twisted  length. 

Tensile  strength. — The  tensile  strength  is  the  breaking  load  of  the  material,  and  has  in  the 
past  been  determined  according  to  many  different  modifications  of  two  methods — the  “grab” 
and  the  “strip.”  The  kinds  of  machines  used  may  be  classed  according  to  the  method  of  apply¬ 
ing  the  load,  constant  increment  of  load  machines,  and  constant  increment  of  stretch  machines; 
and  again  further  subdivided  according  to  the  type  of  load  indicating  head,  those  w'hich  have 


diversity  of  opinion  as  to  method  of  determining  tensile  strength,  it  is  proposed  to  discuss  the 
reasons  for  adopting  certain  test  methods  before  the  tensibility  properties  of  textile  material  are 
discussed. 

Strip  and  grab  test. — The  grab  test  is  the  oldest  of  test  methods  and  has  a  large  number  of 
adherents  in  this  country.  A  very  general  form  of  grab  test,  as  illustrated  in  figure  1,  has  one 
clamp  much  wider  than  the  other.  In  this  particular  case  the  width  of  the  upper  clamp  was  2 
inches  and  the  lower  clamp  was  varied  in  width  from  I  to  2  inches.  Lines  were  drawn  on  the 
specimens  before  being  subjected  to  tension  and  the  outside  dimensions  of  the  specimens  and 
the  distance  between  clamps  kept  constant.  Figure  2  represents  the  distortion  of  the  lines  just 
before  the  rupture  and  shows  very  graphically  the  stress  distribution.  It  will  be  noted  that 
there  is  a  concentration  of  stresses  at  or  near  the  line  10;  and,  as  would  be  expected,  the  sample 
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ruptured  at  this  line.  The  position  of  this  line  of  concentration  of  stress  approaches  the  line 
midway  between  the  clamps  as  the  width  of  the  lower  clamp  is  increased,  and  finally  lies  mid¬ 
way  when  the  two  clamps  are  of  the  same  width.  Hence,  this  test  has  a  tendency  to  produce  a 
fiber  rupture  rather  than  a  fabric  rupture.  The  curves  shown  in  figure  3  are  composite  curves 
taken  from  tests  on  various  fabrics.  Curve  D  represents  the  relation  between  the  strength  and 
the  width  of  lower  clamp  as  outlined  above.  The  strength  is  divided  by  the  width,  and  the 
result,  called  the  unit  strength,  is  plotted  against  the  width  of  strip.  The  curve  H  is  the  unit 
strength  calculated  from  Curve  D.  It  is  seen  that  the  relative  strength  of  the  fabric  is  a  function 
of  the  dimensions  of  the  clamps,  and  that  it  is  approaching  asymtotically  a  constant  unit  tensile 
strength. 


The  curve  A  was  obtained  from  plotting  the  result  of  tensile  strength  against  the  width  of 
strip,  using  the  strip  test.  The  strips  were  prepared  as  shown  in  figure  4,  and  their  appearance 
just  before  rupture  is  shown  in  figure  5.  It  will  be  observed  that  there  are  several  threads,  1 
and  2  (fig.  5),  which  become  detached  from  the  rest  of  the  strip.  This  suggests  that  these  threads 
do  not  carry  their  proportionate  part  of  the  load.  An  examination  of  the  curve  A  shows  that 
a  straight  line  ratio  exists  between  the  width  of  the  strip  and  the  tensile  strength,  and  that  the 
unit  strength  is  constant  and  independent  of  the  specimen  dimensions  as  shown  by  curve  E. 
It  was  found  in  testing  strips  of  widths  between  1^  and  2  inches  that  it  was  extremely  difficult 
to  place  the  samples  in  the  clamps  evenly,  and  that  very  slight  changes  in  the  alignment  of  the 
clamps  caused  the  strip  to  break  at  much  lower  strengths  than  is  indicated,  but  if  extreme  care 
was  used,  the  straight  line  ratio  was  preserved.  From  this  it  was  concluded  that  the  personal 
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equation  was  so  great  in  the  case  of  the  2-incli  sample  that  it  was  best  to  use  a  1-inch 
sample. 

The  straight  line  ratio  between  width  of  strip  and  tensile  strength  does  not  hold  for  all 
fabrics.  The  curve  C  may  be  taken  to  represent  the  width  of  strip  and  strength  relations  of 
tests  made  upon  the  warp  of  a  heavy  duck.  The  curve  (A)  may  be  taken  to  represent  the 
width  of  strip  and  strength  relations  of  tests  made  on  the  same  duck  in  the  warp  direction  with 
the  end  threads  held  in  place  by  tying  them  in  with  the  filling  fringe.  It  will  be  seen  that,  as 
would  be  expected,  the  two  lines  are  parallel,  and  that  the  distance  (K)  is  the  correction  factor 
to  be  added  to  the  tensile  strength  of  such  materials.  This  condition  will  only  occur  in  fabrics 
having  a  radically  different  crimp  in  one  system  of  threads  as  compared  with  the  other  system 
of  threads.  For  the  class  of  material  which  is  being  considered  in  this  report  the  condition  will 
not  occur. 

The  curve  (B)  represents  the  width  of  clamp  and  tensile  strength  relations  of  fabric  tested 
by  using  a  grab  test  having  the  upper  and  lower  clamp  of  the  same  dimensions  and  increased 


by  a  like  amount.  It  will  be  observed  that  the  line  is  parallel  to  the  curve  (A)  and  that  the 
perpendicular  distance  between  them  is  a  measure  of  the  constant  force  transmitted  from  one 
clamp  to  the  other  by  the  fabric  surrounding  the  fabric  between  the  clamps.  Thedistance 
between  the  curves  (A)  and  (B)  depends  not  only  on  the  width  of  the  specimen  but  also  upon 
the  distance  which  the  sample  protrudes  into  the  clamp. 

The  grab  test  in  all  of  its  modifications  gives  results  which  are  a  function  of  the  dimension 
of  the  test  specimen  and  clamps,  and  the  results  approach  asymtotically  the  results  of  the 
strip  test.  The  strip  test  gives  a  constant  value  for  the  strength  of  the  material,  provided  it  is 
of  such  dimensions  that  the  personal  equation  is  eliminated.  The  strip  test  applied  to  fabrics 
made  of  extremely  nonuniform  yarns  will  probably  give  a  lower  unit  strength  using  a  2-inch 
strip  than  if  a  1-inch  strip  were  used.  Such  fabrics  should  not  be  considered  for  airplane-wing 
coverings;  and,  if  they  are  considered,  a  frequency  curve  of  tensile  strength  plotted  from  tests 
made  on  considerably  narrower  strips  would  be  of  much  greater  value  than  tests  made  on  the 
wider  strips. 
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Testing  machine. — The  tensile  strength  of  fabrics  depends  somewhat  upon  the  rate  of  load 
application.  It  has  been  observed  that  there  are  limits  between  which  a  change  in  the  rate  of 
load  application  produces  a  very  slight  change  in  the  properties  of  the  material.  This  condition 
is  attained  by  stressing  the  specimen  at  a  very  slow’  rate;  and,  provided  the  rate  of  stress  appli¬ 
cation  is  kept  below  the  upper  limit,  the  results  will  be  the  same  whether  the  sample  is  stressed 
in  equal  increments  of  load  or  is  stressed  by  causing  it  to  be  stretched  at  a  constant  increment 
of  stretch.  Within  the  limitations  of  the  mechanical  features  of  the  testing  machine  the  slow 
application  of  load  is  the  most  severe  one. 

The  inertia  errors  of  the  indicating  head  are  reduced  in  value  so  as  to  be  within  the  varia¬ 
tions  of  the  fabric,  if  the  head  is  operated  at  very  slow  speeds.  An  inclination  balance  type  of 
testing  machine  equipped  to  cause  the  sample  to  be  stressed  by  stretching  it  at  a  constant  rate 
and  operated  at  a  speed  of  5  inches  per  minute  was  used  to  determine  the  tensibility  properties. 

Grim]). — The  crimp  of  a  yarn  is  the  increased  length  of  the  yam  taken  from  the  fabric 
over  the  length  of  the  fabric.  The  difference  is  caused  by  the  interlacings  of  the  yarns.  The 
length  of  the  yarn  taken  from  the  fabric  is  determined  from  the  load-stretch  diagram  of  the 
yarn.  The  yarn  is  stressed  in  small  increments  and  the  stretch  plotted  against  the  load.  The 
time  allowed  between  the  increments  is  such  that  a  further  increase  of  time  of  application  will 
produce  only  a  very  slight  increase  in  the  elongation.  It  was  found  that,  after  the  crimp  of 
the  yarn  and  fibers  was  taken  out,  the  load-stretch  curve  followed  a  straight  line.  This  line 
was  projected  to  intersect  the  zero  load  coordinate  and  that  length  taken  to  be  the  length  of 
the  yarn  when  straight  and  under  no  tension. 

Tensibility  properties. — The  tensibility  properties  of  textile  material  may  be  defined  as  the 
behavior  of  the  material  when  subjected  to  tensile  stresses  acting  parallel  to  and  at  the  center 
plane  or  line  of  the  material.  These  may  be  divided  into  the  following:  (a)  Load-stretch  rela¬ 
tions;  ( b )  tensile  strength;  ( c )  restitution  and  hysteresis. 

The  determinations  were  made  on  an  inclination  balance  type  of  testing  machine  operated 
at  very  low  speeds  and  having  a  small  angular  displacement  of  the  balance  arm.  The  machine 
was  fitted  with  an  autographic  device  for  recording  the  load-stretch  relations  of  the  specimen. 
The  device  consisted  of  a  drum  revolved  by  the  pendulum  arm  and  a  dotting  pen  moving  in  a 
vertical  line  parallel  to  the  center  line  of  the  drum.  The  dotting  pen  was  given  its  motion  from 
the  lowTer  or  pulling  clamp  of  the  testing  machine.  Correction  for  the  motion  of  the  top  clamp 
was  made  by  the  use  of  skew  coordinate  paper.  The  drum  was  mounted  in  conical  ball  bear¬ 
ings,  and  the  motion-transmitting  parts  wrere  of  flat  brass  ribbons.  With  these  precautions  it 
was  found  that  the  device  contained  no  mechanical  backlash  or  instrumental  hysteresis. 

The  samples  of  fabrics  were  prepared  by  cutting  strips  25  centimeters  (10  inches)  long  by 
3  centimeters  (II  inches)  wide  and  raveled  to  2.5  centimeters  (1  inch)  width.  The  samples  of 
doped  fabric  were  prepared  by  cutting  the  samples  directly  to  2.5  centimeters  (1  inch)  width. 
The  distance  between  the  clamps  was  20  centimeters  (8  inches)  and  the  pulling  clamp  was 
operated  at  the  speed  of  13  centimeters  (5  inches)  per  minute  for  the  more  careful  work  of 
hysteresis  and  at  30  centimeters  (12  inches)  per  minute  for  the  ordinary  tensile  strength  and 
elongation  tests. 

Tear  resistance  {tensibility  method). — Specimens  25  centimeters  (10  inches)  wide  and  36 
centimeters  (14  inches)  long  were  clamped  in  the  testing  machine  with  30  centimeters  (12 
inches)  between  clamps.  Slits  were  previously  cut  at  the  center  perpendicular  to  the  line  of 
pull;  the  fabric  was  stressed  at  the  rate  of  13  centimeters  (5  inches)  per  minute;  and  a  record 
made  of  the  load  necessary  to  start  the  tear.  This  method  was  not  rigidly  adhered  to,  as  in 
many  cases  time  and  circumstances  made  it  necessary  to  deviate  therefrom.  This  method  of 
test  is  more  carefully  defined  in  the  British  Reports  on  Aeronautical  Fabrics  and  is  referred  to 
us  the  wound  test. 

Tear  resistance  {rip  method). — The  rip  tear,  or  sometimes  called  the  tongue  test,  has  several 
modifications.  The  English  investigators  favor  a  tongue  test  made  on  the  doped  fabric  de¬ 
tached  from  the  frame.  A  rectangle  is  cut  on  three  sides  at  or  near  the  center  of  the  specimen. 
The  tongue  which  is  produced  is  turned  down  and  clamped  in  the  pulling  jaw,  and  the  other 
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end  of  the  specimen  is  clamped  in  the 
other  jaw.  The  jaws  are  caused  to 
separate  and  the  maximum  resistance 
recorded. 

It  is  believed  that  this  method  as 
performed  does  not  give  information 
which  is  of  great  value,  for  the  fabric 
detached  from  the  frame  turns  back 
from  the  point  of  tear,  thereby  reduc¬ 
ing  the  torsional  stresses  in  the  yarn 
and  increasing  the  area  of  the  tear 
stress  distribution.  It  is  of  interest  to 
know  the  maximum  forces  necessary 
to  start  the  tear,  but  it  is  of  more  im¬ 
portance  to  know  the  behavior  of  the 
material  after  the  tear  has  started  and 
the  behavior  of  the  material  under 
combined  conditions  of  tear  and  pres¬ 
sure  stresses.  It  is  rather  difficult  to 
construct  such  an  apparatus,  but  the 
behavior  may  be  predicted  from  sev¬ 
eral  tests  of  different  character. 

The  rip  or  tongue  test  used  in  this 
discussion  consists  in  placing  the  doped 
frame  with  the  cut  tongue  directly  in 
the  clamps  of  the  testing  machine, 
and  the  tension  necessary  to  tear  the 
material  plotted  against  the  motion 
of  the  pulling  clamp.  It  was  found 
impossible  to  use  the  inclination  bal¬ 
ance  type  of  testing  machine  for  this 
test,  as  the  large  inertia  effects  induced 
by  one  thread  breaking  and  throwing 
the  load  quickly  onto  the  next  gave 
results  of  questionable  character.  A 
constant  increment  of  stretch  machine 
with  a  spring  recording  device,  as 
shown  in  figure  6,  was  used.  The 
spring  has  a  very  small  motion  and  is 
connected  to  an  autographic  recording 
device  shown  at  the  right.  There  is  a 
small  inertia  effect  in  the  recording 
device  which  may  be  considerably  re¬ 
duced  by  a  few  slight  changes  in 
arrangement  and  by  careful  manipu¬ 
lation.  It  was  not  thought  that  the 
effects  were  large  enough  to  give  re¬ 
sults  which  were  exaggerated,  except¬ 
ing  the  overrun  of  the  recording  device 
after  the  threads  abruptly  picked  up 
the  load,  and  this  effect  is  shown  by 
two  perpendicular  lines  which  lie 
actically  over  one  another. 
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These  results,  together  with  the  consideration  of  the  results  of  the  other  tests  described, 
are  thought  to  be  sufficient  to  predict  with  a  reasonable  degree  of  certainty  the  performance 
of  the  fabric  when  subjected  to  tear°under  flight  conditions. 

Resistance  to  uniformly  distributed  pressure. — The  material  is  clamped  over  a  rectangular 
container  and  subjected  to  air  pressure.  The  apparatus  is  shown  diagrammatically  in  figure  7. 
The  deflection  of  the  center  point  of  the  fabric  is  plotted  against  the  unit  pressure  under  the 
fabric  by  means  of  an  ordinary  steam-engine  indicator.  The  shape  of  the  deflected  surface  is 
determined  by  measuring  the  vertical  displacement  of  a  series  of  rods  placed  at  various  points 
over  the  surface  and  free  to  move  only  in  the  vertical  plane.  The  rate  of  flow  of  air  into  the 
chamber  under  the  fabric  is  very  slow  and  is  regulated  by  passing  the  air,  which  is  under  a  pres¬ 
sure  of  10  kilograms  per  square  centimeter  (140  pounds  per  square  inch),  through  110  centi¬ 
meters  (44  inches)  of  1 -millimeter  tubing.  A  sheet  of  rubber  dam  is  placed  under  the  fabric 
to  prevent  air  leakage.  Considering  these  precautions,  it  is  reasonable  to  assume  that  there 


is  a  very  uniform  distribution  of  pressure  under  the  fabric.  As  there  is  practically  a  zero  rate 
of  flow  of  air  into  the  indicator,  it  is  reasonable  to  assume  that  there  is  no  pressure  drop  in  the 
connecting  line.  The  rate  of  load  application  in  this  apparatus  is  adjusted  by  the  definition 
of  the  pressure  and  dimensions  of  the  capillary  tube  in  such  a  manner  that  the  variations  in  the 
load  application  caused  by  the  several  fabrics  having  different  stretch  ratios  produce  only  a 
very  slight  difference  in  the  recorded  tensibility  properties  of  the  material. 

Bursting  tear  test. — The  procedure  is  similar  to  that  followed  in  the  determination  of  the 
resistance  to  uniformly  distributed  pressure,  excepting  that  slits  are  cut  in  the  fabric  at  various 
parts  and  the  pressure  necessary  to  start  the  tear  is  recorded,  together  with  the  deflection  at 
the  time  of  the  tear. 

Preparation  of  doped  samples. — The  fabrics  were  stretched  and  tacked  on  frames  under  a 
tension  of  80  grams  per  centimeter  (0.45  pounds  per  inch)  of  width,  and  doped  in  a  room  main¬ 
tained  at  approximately  65  per  cent  relative  humidity  at  21°  C.  The  frames  were  30  by  30 
centimeters  (12  by  12  inches)  inside  dimensions  for  the  preparation  of  specimens  for  the  deter- 
167080— S.  Doc.  307, 65-3 - 24 
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mination  of  tensibility  properties  and  18  by  61  centimeters  (7.2  by  24.4  inches)  for  the  deter¬ 
mination  of  resistance  to  pressure. 

Films  of  dope  were  made  by  painting  the  dope  on  glas§  plates;  the  films  subsequently  were 
peeled  off,  and  determinations  were  made  of  tensibility  and  resistance  to  pressure. 

Exposure  tests. — The  fabrics,  after  tacking  on  frames  and  doping,  were  placed  on  the  roof, 
and  determinations  were  made  periodically  of  their  physical  properties. 

VALUE  OF  TESTS. 

Tests  made  upon  undoped  and  doped  fabrics. — The  study  of  the  adaptability  of  a  particular 
fabric  to  wing  coverings  is  confined  entirely  to  the  study  of  doped  fabrics,  as  the  character  of 
the  fabric  is  materially  changed  by  the  application  of  dope.  There  are  some  instances  where 
the  dope  does  not  radically  change  the  characteristics,  such  as  the  very  compact  fabrics  and  the 
heavier  and  more  dense  fabrics.  The  consideration  of  the  properties  of  the  undoped  fabric  is 
limited  to  the  tangible  expression  of  desired  properties,  which  finds  its  greatest  application  in 
conveying  to  the  manufacturer  the  structure  of  fabric  most  suitable  for  the  purpose  intended. 

Weight,  yarn  size,  thread  count,  and  tensile  strength. — These  determinations,  named  in  the 
title  of  this  section,  have  been  considered  in  the  past  the  only  requisites  necessary  to  define 
mechanical  fabrics,  but  the  study  of  airplane  fabrics  has  added  to  these  the  defining  of  the 
tensibility  properties.  Apart  from  the  definition  of  the  fabric  from  the  manufacturing  view 
point,  these  values,  when  one  is  familiar  with  them,  convey  a  mental  picture  of  the  fabric  and 
allow  one  to  judge  such  things  as  dope  absorption,  probable  crimp,  limitations  of  distribution 
of  load-stretch  relations  and  character  of  surface,  fatigue  effects,  and  change  of  effective  yarn 
strength  after  weaving. 

Tensibility  properties. — The  determination  of  tensibility  properties  indicates  more  than  any 
other  test  the  performance  of  the  material  under  flight  conditions.  It  has  been  observed  that 
the  tightness  of  a  wing  covering  is  dependent  upon  the  support  which  the  fabric  in  its  doped 
condition  lends  to  the  dope  film.  The  phenomena  of  the  fabric  tightening  after  the  applica¬ 
tion  of  the  dope  may  be  considered  to  be  caused  primarily  by  the  dope  constraining  the  yarns 
in  their  crimped  condition.  An  examination  of  the  shape  of  the  load-stretch  diagram  indicates 
the  manner  in  which  the  bond  is  disturbed  when  the  doped  material  is  stressed.  The  behavior 
of  the  doped  fabric  is  entirely  different  from  the  behavior  of  either  the  dope  or  the  fabric,  and 
the  shape  of  the  tensibility  curve  determines  the  degree  of  permanent  distortion  which  may 
be  expected  of  any  fabric  and  whether  it  will  become  loose  or  mushy.  The  tensibility  prop¬ 
erties,  particularly  those  of  elongation  and  tensile  strength,  together  with  the  consideration  of 
the  number  of  yarns  being  stressed,  is  of  value  in  predicting  probable  tear  resistance. 

An  analysis  of  these  properties  very  often  indicates  the  particular  phase  of  the  manufac¬ 
turing  processes  which  should  be  changed  in  order  to  produce  a  desired  result. 

Tear  tests. — The  tear  test  affords  practically  the  only  means  of  determining  the  relative 
factor  of  safety  of  the  wing  covering  after  its  continuity  has  been  disrupted.  The  tear  condi¬ 
tions  may  be  classed  into  two  kinds,  (1)  in  which  a  hole  is  punctured  in  the  covering  which 
may  be  large  enough  for  a  tear  to  start  in  the  weakest  direction  because  of  the  surface  tension 
induced  by  the  pressures  of  flight;  (2)  in  which  a  section  of  the  wing  covering  protruding  from 
the  surface  is  subject  to  stresses  which  tend  to  dislodge  it  from  the  body  of  the  cover,  such  as 
a  tongue  exposed  in  the  slip  stream.  The  two  kinds  of  tear  tests,  the  bursting  and  the  rip 
test,  are  a  measure  of  the  resistance  of  the  material  to  such  stresses.  The  factors  of  vibration 
and  tensibility  in  the  case  of  the  rip  test  are  not  considered  directly,  but  from  the  general  con¬ 
cepts  of  vibration  and  surface  tension  comparative  results  may  be  obtained. 

Bursting  tests. — An  observation  of  a  strip  of  doped  fabric  being  stressed  in  tension  reveals 
the  fact  that  there  is  a  lateral  contraction  of  the  sample  which  is  necessarily  accompanied  by 
an  increased  elongation  in  the  longitudinal  or  stressed  direction.  The  yarns  in  a  wing  covering 
are  under  constraint,  and  it  is  logical  to  assume  that  a  constrained  sample  may  give  different 
test  results  from  one  which  is  not.  The  exact  magnitudes  of  the  constraining  forces  are  not 
known,  but  from  a  study  of  the  changes  in  curvature  of  a  deflected  wing  it  is  evident  that  the 


THE  STRUCTURE  OF  AIRPLANE  FABRICS. 


371 


constraining  forces  are  not  of  the  same  magnitude  over  the  entire  surface,  even  under  the  con¬ 
ditions  of  uniformly  distributed  pressure.  It  is  difficult  to  integrate  the  effects  of  the  warp 
and  the  filling  properties  of  a  fabric  from  an  examination  of  the  load-stretch  diagrams  of  the 
warp  and  the  filling.  The  study  of  curvatures  gives  an  index  to  the  relative  effects,  but  it  is  still 
difficult  to  form  an  opinion  as  to  the  magnitudes  of  the  effects.  For  these  reasons  it  was  thought 
advisable  to  subject  a  doped  panel  to  uniformly  distributed  pressure  and  to  study  the  contour 
of  the  deflected  surface  in  the  hope  of  arriving  at  some  logical  basis  for  determining  the  stress 
distribution  in  the  fabric  and  of  providing  a  convenient  method  of  obtaining  a  single  figure 
which  might  be  taken  as  the  relative  factor  of  safety  of  the  material  and  at  the  same  time 
might  be  a  measure  of  the  tautness,  deflection  under  pressure,  and  a  test  of  a  stripunder  con¬ 
dition  of  proper  constraint. 

The  bursting  test  does  not  give  test  results  which  will  be  comparable  with  the  stresses  in¬ 
duced  by  wing  deflections,  or  rip  tear  under  combined  conditions  of  proper  surface  tensions 
and  stress  to  rip;  but  it  is  believed  that  these  may  be  predicted  more  readily  from  a  considera¬ 
tion  of  the  pressure  deflection  relations  of  any  particular  fabric,  and  the  general  concepts  of 
surface  tension. 

TEST  RESULTS. 

Properties  of  linen  airplane  fabric  ( standard  A  grade ) — 

Weight  per  square  yard,  undoped,  4  ounces. 

Threads  per  inch — warp,  94 ;  filling,  97. 

Weight  per  square  yard,  doped,  5.9  ounces. 

Tensile  strength,  85  pounds  per  inch,  undoped. 

Tensile  strength  doped,  90  to  120  pounds,  depending  on  the  kind  of  dope. 

Resistance  to  pressure — pressure,  14.7  pounds  per  square  inch;  deflection,  0.78  inch. 

Tear  test,  rip,  3.82  pounds  average. 

Tear  test  (bursting) — pressure,  2.7  pounds  per  square  inch;  deflection,  0.50  inch. 

Refer  to  figures  8,  9,  and  12  for  tensibility,  pressure,  and  tear  tests. 

The  linen  fabric  is  not  uniform  in  yarn  structure,  and  the  tensibility  curves  vary  somewhat, 
but  it  is  thought  that  the  above  results  are  a  fair  average.  The  kind  and  make  of  dope  used 
change  the  properties  of  the  doped  fabric;  and,  so  far  as  is  possible,  a  known  fabric  is  tested  with 
a  new  group  of  fabrics. 

The  load-stretch  diagram  of  undoped  fabrics. — The  load-stretch  diagram  of  the  undoped 
fabric  must  be  influenced  by  the  character  of  the  fiber,  the  structure  of  the  yarn,  and  the  method 
of  weaving.  The  diagram  may  be  divided  into  three  parts;  (refer  to  fig.  15)  from  zero  to  04) 
is  almost  entirely  the  crimp  of  the  yarns;  from  04)  to  ( B )  is  the  crimp  of  the  yarns  dominated 
by  the  stretch  of  the  yarn  in  its  crimped  condition;  from  ( B )  to  the  breaking  load  is  the  stretch 
of  the  yarn  in  its  crimped  or  constrained  condition.  The  curve  ( D ,  O)  may  be  taken  to  be  the 
curve  of  the  same  number  of  yarns,  but  not  interlaced.  The  fine  (E,  F )  may  be  taken  to  be 
the  curve  of  the  yarns  in  their  constrained  position  after  the  removable  crimp  (O,  B )  has  been 
taken  out.  It  will  be  noted  that  the  line  ( E ,  F )  has  a  greater  slope  than  ( D ,  0 )  and  that  the 
warp  (G,  II)  has  even  more.  From  this  it  is  seen  that  as  the  crimp  of  the  yarns  is  reduced,  the 
slope  of  the  curve  approaches  the  slope  of  the  yarn  curve.  It  then  may  be  concluded  that  that 
part  of  the  curve  is  very  largely  influenced  by  yarn  characteristics. 

The  distances  (0,  F)  and  (0,  E)  may  be  termed  the  removable  crimp,  and  the  sum  of  the 
two  is  dependent  upon  the  weave  structure  and  thread  diameter,  and  to  some  extent  upon  the 
compressibility  of  the  yarns.  The  relation  between  (0,  F)  and  (O,  H)  is  a  function  of  the  tern 
sions  of  weaving.  The  fabrics  shown  on  figures  (15)  and  (16)  are  of  the  same  weave  structure 
and  of  the  same  yarns,  but  the  weaving  tensions  are  different.  The  sum  of  (OF)  and  (OH) 
practically  equals  the  sum  of  (OF')  and  (OH') ;  but  the  ratio  of  (OF)  to  the  total  is  very  different 
from  the  ratio  of  (OF')  to  the  total,  or  to  (OH)  and  (0H')}  respectively. 

The  two  cases  discussed  are  fabrics  woven  in  the  plain  weave.  It  would  be  expected  from 
the  above  that  these  yarns  woven  into  a  basket  or  mat  weave  would  decrease  the  sum  of  (OF) 
and  (OH)  proportionally  to  the  decrease  in  the  number  of  interlacings,  and  this  is  very  largely 
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true.  The  limitations  of  adjusting  the  weaving  tensions  to  change  the  relation  of  (OF)  to  (OH) 
are  considerably  reduced,  due  to  the  fact  that  the  yarns  are  not  bound  and  are  more  free  to 
take  up  whatever  position  the  internal  stresses  may  demand  in  their  tendency  to  equality  of 
stresses.  As  a  result,  the  distances  (OF)  and  (Oil)  are  nearly  equal.  It  is  therefore  conceivable 
that  the  particular  weave  in  question  may  have  less  total  crimp  and  still  have  the  crimp  of  the 
filling  larger  than  that  of  the  plain  fabric.  Inasmuch  as  the  tautness  is  dependent  upon  the 
support  which  the  system  of  yarns  having  least  stretch  gives  to  the  dope,  the  plain  fabric  having 
more  total  crimp  may  have  a  greater  tautness  than  the  basket  fabric. 

The  effect  of  changing  the  diameter  of  the  yarns  is  of  much  the  same  effect  as  changing  the 
weave  structure.  For  any  given  weight  of  fabric  an  increase  of  yarn  diameter,  within  fairly 
large  ranges,  is  accompanied  by  a  tendency  of  the  load-stretch  diagrams  of  the  warp  and  filling 
to  be  the  same.  The  lower  limit  of  decrease  of  yarn  diameter  is  defined  by  the  limits  of  weaving 
difficulties.  The  corollary  to  this  is,  for  any  given  yarn  diameter,  a  decrease  in  the  number  of 
yarns  is  accompanied  by  a  tendency  of  the  load-stretch  diagram  of  the  filling  to  be  the  same 
as  that  of  the  warp. 

The  effect  of  weaving  tensions  is  interesting;  and  it  may  be  stated  generally  that  an  increased 
warp  tension  is  accompanied  by  an  increased  filling  crimp,  or  that  a  decreased  width  of  cloth 
at  the  temples  is  accompanied  by  an  increased  filling  crimp. 

The  control  of  the  load-stretch  diagrams  by  holding  the  number  and  diameter  of  threads 
constant  in  one  system  and  varying  the  other  system  is  not  at  present  subject  to  a  general 
statement  excepting  that  the  factors  discussed  above  are  the  controlling  ones;  and  it  can  not 
be  definitely  anticipated,  with  the  present  knowledge,  which  will  have  the  dominating  influence. 

The  stiffness  of  the  yarns  has  a  great  influence  upon  the  control  of  the  load-stretch  relations. 
The  stiffness  is  taken  to  be  the  elongation  of  the  yarn  at  any  particular  load.  To  illustrate,  the 
curves  shown  in  figure  (19)  are  those  of  a  doped  unmercerized  fabric,  and  those  in  figure  (20) 
are  those  of  the  same  yarns  mercerized  and  woven  with  the  same  number  of  ends  and  picks. 
In  each  case  an  attempt  was  made  to  obtain  the  minimum  crimp  in  the  filling.  From  an  exam¬ 
ination  of  the  curves,  figure  (19),  it  is  concluded  that  the  fabric  is  of  fairly  open  structure,  and  it 
is  constructed  of  3/80’s  yarn  68  by  71.  The  stretch  of  the  mercerized  yarn  is  much  less  than 
that  of  the  unmercerized  yarn  at  any  load,  and  hence  will  not  balance  in  crimp  as  easily  as  the 
unmercerized  yarn.  The  characteristics  of  the  undoped  curves  are  reflected  in  the  curves  of 
the  doped  fabric. 

The  curves  shown  in  figure  (18)  are  typical  come-back  loops.  The  particular  fabric  is  very 
compact  and  has  no  transition  from  crimp  to  yarn  characteristics.  This  is  true  of  all  closely 
woven  fabrics  and  such  fabrics  when  doped  always  show  a  breaking  away  of  the  dope  from  the 
fabric. 

The  zero  load  point  of  the  hysteresis  loop  approaches  a  line  tangent  to  the  load-stretch 
diagram  at  the  point  when  the  loop  leaves  the  curve.  The  difference  between  the  area  and 
portion  of  corresponding  loops  for  the  several  fabrics  is  noticeably  large,  and  it  is  believed  that 
they  are  a  fair  index  of  fatigue  failure.  Provided  the  dope  remains  with  the  fabric  as  evidenced 
by  the  load-stretch  relations,  the  question  of  fatigue  is  relatively  unimportant.  A  break  in 
the  doped  curve  is  always  accompanied  by  a  decreased  amount  of  recoverable  energy  and 
failure  in  service.  For  these  reasons  this  phase  of  the  investigation  has  not  been  completed. 

From  the  above  discussion,  it  is  obvious  that  the  number  of  variables  entering  into  the 
equation  of  the  load-stretch  diagram  are  very  large,  and  that  the  machines  used  in  the  manu¬ 
facture  of  textiles  do  not  lend  themselves  to  an  easy  analysis  of  the  magnitude  of  their  influence 
on  the  properties  of  the  yarn  or  fabric.  Such  a  study  would  be  of  great  value,  but  it  was  thought 
a  general  knowledge  of  the  factors  would  be  sufficient  in  view  of  the  exigency  of  the  case.  With 
this  in  view,  many  fabrics  were  constructed  of  widely  different  structure,  so  as  to  establish  end 
points,  in  order  that  the  performance  of  intermediate  fabrics  might  be  predicted. 

The  treating  of  fabrics  by  subsequent  finishing  processes  offers  many  interesting  possi¬ 
bilities.  The  processes  to  which  fabrics  are  subjected  in  the  finishing  operations  are  less  con¬ 
trollable  than  those  of  the  manufacture  of  the  fabric.  It  is  desirable  to  have  the  wings  of  uniform 
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tautness  and  of  uniform  safety  for  any  one  type  of  plane.  To  accomplish  this  most  successfully 
it  is  necessary  only  to  control  the  load-stretch  diagram  of  any  particular  fabric  decided  upon. 
From  the  consideration  of  uniformity  of  product,  it  appeared  desirable  to  construct  a  fabric 
which  would  be  ready  for  application  immediately  after  weaving.  After  producing  a  fabric 
directly  from  the  loom,  the  performance  of  which  was  as  good  if  not  better  than  the  satisfactory 
linen,  it  became  necessary  to  give  attention  to  the  many  other  problems  of  military  fabrics. 

Load-stretch  diagram  of  the  doped  fabrics. — A  doped  fabric  is  a  composite  material  made  up 
of  two  separate  materials  interlocked  in  such  a  manner  that  the  resultant  material  does  not  act 
like  either  one  of  the  components  or  like  what  may  be  termed  the  sum  of  the  two  materials. 

The  load-stretch  diagram  of  the  undoped  material  is  characterized  by  a  very  large  stretch 
at  the  low  loads,  as  is  shown  in  figure  15.  The  load-stretch  diagram  of  a  dope  film  is  practically 
a  straight  line  up  to  from  1.5  to  3  per  cent  extension  followed  by  a  very  rapid  increment  of 
stretch  per  unit  of  load  increased;  and  the  rupture  occurs  after  an  extension  of  8  to  12  percent. 
There  appears  to  be  wide  variation  in  the  physical  properties  of  the  dope  film;  and,  for  this  reason, 
it  is  necessary  to  test  new  fabrics  against  old  ones  of  known  value.  The  effect  of  weather  exposure 
on  a  dope  film  is  to  reduce  its  ultimate  elongation  without  a  material  change  in  the  position  of 
the  yield  point  or  the  slope  of  the  curve  below  the  yield  point.  Further  exposure  (after  the 
ultimate  elongation  is  in  that  part  of  the  curve,  any  point  of  which  may  be  the  yield  point)  has 
the  effect  of  reducing  the  elongation  at  any  load  below  the  yield  point. 

The  load-stretch  diagrams  of  doped  fabrics  may  be  classed  as: 

1.  Those  having  the  characteristics  of  the  filling-doped  curves  of  figures  8  and  15. 

2.  Those  having  the  characteristics  of  the  filling-doped  curve  of  figure  16. 

3.  Those  having  the  characteristics  of  the  warp-doped  curves  of  8  and  16. 

4.  Those  having  the  characteristics  of  the  filling-doped  curve  of  figure  17. 

From  a  study  of  a  pressure-deflected  doped  fabric,  it  is  evident  that  the  system  of  yarns 
having  the  least  stretch  at  any  load  carries  the  greater  proportionate  part  of  the  load.  Hence 
the  characteristics  of  the  system  having  the  least  stretch  are  of  the  greater  interest  and  govern 
the  performance  of  the  material. 

The  diagrams  of  figure  8  are  those  of  the  standard  A  linen,  and  those  of  figures  15  and  21 
are  of  a  2/60’s  mercerized  yam  78  by  83.  Both  of  these  dope  to  satisfactory  tightness  and  have 
the  necessary  permanency  of  tightness.  Experience  has  proven  them  to  be  satisfactory. 

The  fabric  described  in  figure  16  does  not  give  the  length  of  service  which  the  cotton  of 
figure  15  will  give;  it  becomes  quite  loose  after  continued  service. 

The  fabric  of  figure  17  is  very  unsatisfactory,  in  that  it  may  be  permanently  dented,  and, 
after  a  comparatively  short  time,  becomes  mushy,  and  deteriorates  very  rapidly  both  in  strength 
and  tautness. 

The  above  examples  are  typical  of  the  performance  of  fabrics  having  the  general  char¬ 
acteristics  of  these  curves,  and  they  will  be  taken  up  in  detail. 

1  (figures  8  and  15).  The  filling  curves  are  practically  straight  lines,  but  it  is  evident  that 
the  yield  point  of  the  dope  has  been  exceeded.  The  penetration  of  the  dope  was  good,  and  it  had 
the  effect  of  binding  the  yams  together  and  of  taking  away  the  effect  of  the  removable  crimp 
to  a  large  extent.  This  is  particularly  true  of  the  part  of  the  curve  which  is  under  stress  during 
practically  all  conditions  of  flight.  The  filling  doped  curve  would  coincide  with  (El0  if  the 
effect  of  the  removable  crimp  was  entirely  eliminated.  It  has  been  noted  that  the  strip  is  not 
under  lateral  constraint  during  test,  and  that  the  elongation  is  exaggerated.  The  curve  is  con¬ 
siderably  reduced  in  slope  if  the  elongation  is  plotted  against  surface  tension  as  calculated  from 
the  bursting  test.  Under  these  circumstances  the  two  curves  just  referred  to  will  coincide. 

2  (figure  16).  The  filling  curve  of  this  fabric  exhibits  a  break  in  its  continuity,  and,  although 
it  is  practically  parallel  to  the  curve  (Es),  there  is  strong  evidence  that  the  dope  is  becoming 
detached  from  the  fabric.  The  penetration  of  the  dope  was  the  same  as  for  the  previous  cotton 
fabric. 

3  (warp-doped  curves  of  8,  15,  and  16).  The  curves  show  a  radical  change  of  direction  of 
curvature  and  in  the  case  of  16  the  doped  curve  crosses  the  undoped-warp  curve.  It  is  evident 
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that  the  dope  has  become  entirely  detached  from  the  yarns  and  no  longer  binds  the  fabric 
together.  Under  such  conditions  the  fabric  is  as  easily  and  permanently  deflected  as  the 
undoped  material,  and  the  dope  will  soon  crack  or  dust  off,  exposing  the  raw  fabric  to  the 
weather. 

4  (figure  17).  The  undoped  filling  curve  practically  coincides  with  the  undoped  filling 
curve  of  figure  16.  The  filling  doped  curve  shows  a  very  marked  break  in  the  curve  which 
may  be  interpreted  as  the  fabric  separating  itself  from  the  dope.  This  fabric  will  become 
mushy  long  before  that  of  figure  16.  In  this  particular  case  the  dope  penetration  was  not  good 
and  the  dope  film  is  merely  a  surface  coating,  and  becomes  easily  separated  from  the  fabric, 
whereas  the  penetration  of  the  fabric  figure  16  was  very  good. 

From  this  discussion  of  typical  weathering  and  service  tests,  it  is  evident  that  the  life  of 
the  covering  is  very  largely  a  function  of  the  shape  of  the  load-stretch  diagram,  and  to  some 
extent  of  the  penetration  of  the  dope.  This  assumes  that  the  light  protection  is  the  same  in 
all  cases.  It  may  now  be  assumed  that  the  characteristics  of  the  filling  of  figures  8  or  15  are 
the  correct  limitations  to  be  placed  in  judging  the  performance  of  a  fabric  in  so  far  as  its  life 
and  tautness  is  concerned.  It  is  comparatively  easy  to  design  a  cotton  fabric  which  will  dope 
to  satisfactory  tightness  and  weather  well,  provided  one  is  not  interested  in  any  other  property 
of  the  material. 

Bursting  resistance  to  uniformly  distributed  pressure. — It  has  already  been  pointed  out  that 
this  test  gives  a  load-stretch  diagram  more  nearly  correct  than  the  tensile  method,  and  it  per¬ 
mits  a  more  complete  study  of  the  functions  of  the  warp  and  filling.  From  measurements  it  is 
found  that  the  greatest  stress  in  the  fabric  is  in  a  zone  extending  from  about  12  centimeters  from 
one  short  side  of  the  frame  to  a  like  distance  from  the  other  end.  If  the  filling  is  put  on  parallel 
to  the  short  axis  of  the  frame,  it  carries  practically  all  of  the  load,  and  the  stress  in  the  warp 
is  very  slight. 

The  supposedly  balanced  fabrics  placed  on  the  bias  and  caused  to  be  burst  do  not  develop 
the  looked-for  high  bursting  pressures.  It  is  probable  that  they  are  not  really  balanced,  and 
that  it  is  difficult  to  place  them  on  frames  and  still  preserve  the  condition  of  balanced  stretch. 
From  this  it  may  be  concluded  that  a  biased  balanced  fabric  can  not  be  used  to  its  full  advan¬ 
tage  in  practice. 

From  the  study  of  the  fabric  under  pressure,  it  would  appear  that  a  fabric  placed  on  with 
the  warp  parallel  to  the  short  axis  of  the  wing  or  the  long  axis  of  the  panel  would,  if  it  had  the 
balance  of  the  yam  in  the  filling,  most  efficiently  satisfy  the  stresses  in  a  wing  covering.  It  is 
assumed  that  the  filling  stretch  is  very  low  as  compared  with  the  warp,  and  it  is  therefore  under 
much  greater  stress.  Under  these  conditions  the  warp  strength  may  be  only  enough  to  provide 
satisfactory  tongue  tear  resistance.  The  tear  resistance  (tongue  test)  of  the  warp  is  in  a 
square  fabric  such  as  the  standard  A  cotton  50  per  cent  greater  than  that  of  the  filling;  and 
under  conditions  of  flight  it  is  probable  that  it  is  nearly  75  per  cent  greater.  A  fabric  having 
the  balance  of  the  yarn  in  the  filling  could  not  be  laced  according  to  the  method  using  lacing 
cords  through  the  fabric  alone,  but  it  is  thought  that  the  use  of  a  corded  reinforcing  tape  would 
satisfy  the  stresses  at  the  lacing  points.  The  results  of  bursting  tests  on  such  fabrics  are 
appended. 

The  curves  of  pressure  deflection  shown  in  figure  9  show  the  relation  between  the  pressure 
and  deflection  of  the  undoped  fabric,  the  dope  film,  and  the  doped  fabric.  An  examination  of 
these  curves  with  particular  reference  to  the  break  in  the  curvature  of  the  dope  film  curve 
indicates  that  the  yield  point  is  exceeded  at  a  point  very  close  to  the  breaking  load  of  the  doped 
fabric.  This  substantiates  the  previous  contention  that  this  lateral  constraint  modifies  the 
characteristics  of  the  strip  test.  From  this  it  is  evident  that  the  value  of  the  strip  test  is  only 
to  obtain  an  index  to  the  performance  of  a  fabric  and  should  only  be  thought  of  in  connection 
with  the  probable  change  due  to  lateral  constraint  such  as  is  produced  in  the  bursting  apparatus. 

The  magnitude  of  the  lateral  constraint  varies  with  the  properties  of  the  fabric,  and,  as 
will  be  pointed  out  under  the  consideration  of  tear,  the  effect  may  be  to  reverse  completely  the 
opinion  based  on  the  strip  test. 


Deflection  in  inches. 


4 
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The  pressure-deflection  relations  of  the  2/60  or  linen  fabric,  figure  22,  may  be  taken  as 
the  maximum  allowable  amount  to  be  consistant  with  the  maximum  life  of  the  dope  and  per¬ 
manency  of  tautness. 

TEAR  RESISTANCE. 

The  tear  resistance  constitutes  one  of  the  most  important  determinations  in  the  study  of 
the  adaptability  of  a  fabric  of  an  airplane  wing.  The  tear  resistance  of  an  undoped  fabric 
differs  so  radically  from  that  of  the  doped  fabric  that  this  phase  will  be  discussed  only  in  so  far 
as  it  is  interesting  to  know  why  the  difference  exists. 

It  has  been  observed  that  the  yarns  in  an  undoped  fabric  when  torn  slip  a  considerable 
amount,  depending  upon  the  weave  structure,  assuming  any  one  yarn  and  thread  count.  The 
slippage  is  then  a  function  of  what  may  be  termed  slaziness.  The  amount  of  slippage  in  a 
doped  fabric  is  so  small  as  compared  with  the  slippage  of  yarns  in  the  undoped  material  that  it 
may  be  considered  negligible.  The  yams  may  be  considered  as  being  held  more  or  less  rigidly 
in  their  relative  positions. 

The  tear  resistance  of  a  doped  material  may  be  considered  as  the  integration  of  the  stresses 
in  the  direction  of  the  plane  of  the  fabric  within  the  zone  of  tear.  The  distance  to  which  the 
stresses  exist  either  side  of  the  point  of  tear  is  a  function  of  the  elongation  of  the  material,  and 
the  magnitude  of  the  stresses  is  dependent  upon  the  effective  strength  of  the  individual  yarns. 

To  illustrate  more  clearly  the  factors  influencing  the  tear  resistance  the  following  fabrics 
are  considered. 


Sample. 

Tensile  strength 
(pounds  per  inch), 
doped. 

Stretch  (per  cent), 
ultimate,  doped. 

Threads  per  inch. 

Y  arn  strength— ten- 
sile-i-threads. 

• 

W. 

F. 

W. 

F. 

W. 

F. 

W. 

F. 

Linen  A . 

94 

108 

18 

8 

96 

94 

0. 98 

1. 15 

Cotton  A . 

93 

103 

16 

10 

80 

80 

1. 16 

1.29 

265  P . 

52 

128 

15 

10 

88 

92 

39 

265  B . 

57 

134 

13 

7 

88 

92 

1  46 

8774 . 

90 

101 

19 

12 

78 

81 

1.25 

Tear  tests. 


Sample. 

Rip  tear  (pounds). 

Rip  tear,  single 
(pounds). 

Single  by  2. 

Wound  test  (pounds). 

W. 

F. 

W. 

F. 

W. 

F. 

Linen  A . 

6.45 

5.06 

3.83 
3.82 
4.41 
3. 52 
2.67 

3.56 

2.84 

2.82 

7. 12 
5.68 
5.64 

78 

70 

43 

51 

97 

99 

95 

115 

Cotton  A . 

265  P . 

265  B . 

3. 36 

The  wound  tests  were  made  according  to  the  following: 

1.  Sample,  4  by  6  inches. 

2.  Distance  between  jaws,  3  inches. 

3.  Jaw  width,  3  inches. 

4.  Slit,  1  inch. 

6.  Movement  of  pulling  clamp,  12  inches  per  minute. 
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The  following  results  were  obtained  from  pressure  tests  on  a  doped  frame: 


Sample  mark. 

Burst  test. 

Burst  tear,  2-inch  slit. 

Burst  tear.  1-inch 
cross  slit. 

Yam 

strength, 

P. 

D. 

8.  T. 

E. 

P. 

D. 

S.T. 

E. 

P. 

D. 

threads. 

16.2 

1. 02 

104 

5.5 

2.5 

0.48 

33 

1.3 
2.2 

2.4 

1.5 

4.4 

5.5 
6.2 

0.51 

1.00 
1.41 
1. 39 
1.  46 

18.8 

1. 13 

113 

6.8 

3.2 

.64 

31 

.  04 

.73 

P  . 

24.6 

1.31 

128 

9.1 

3.2 

.67 

30 

yjtff  R  . 

22.4 

1. 12 

134 

6.7 

2.4 

.  53 

29 

5. 9 

— 

P.  =  Pressure,  pounds  per  square  inch. 

D.  =  Deflection  of  center  point  in  inches. 

S.  T.  =  Calculated  surface  tension. 

E.  = Elongation  of  material  in  per  cent. 

Burst  tear  =  1-inch  cross  slit  (±).  Cross  slits  were  cut  at  various  parts  of  the  fabric. 

Fabric  265  P  is  woven  in  the  plain  weave — mercerized  filling;  unmercerized  warp. 

Fabric  265  B  is  woven  2  by  2  in  the  warp  and  1  by  1  in  the  filling— mercerized  filling;  un¬ 
mercerized  warp. 

Fabric  cotton  A  is  a  plain  weave  of  mercerized  yarn. 

Fabric  8774  is  a  plain  weave  of  unmercerized  yam. 

The  general  characteristics  of  the  fabrics  for  the  purpose  of  this  discussion  are: 

The  effective  yarn  strength  varies  somewhat  and  the  character  of  the  yarns  is  different. 
The  fabric  8774  exhibits  radical  reversals  of  curvature  in  the  load-stretch  diagrams,  indicating 
that  the  dope  has  a  great  tendency  to  become  separated  from  the  fabric.  The  fabric  265  B, 
when  torn  across  the  filling,  shows  considerably  more  yarn  slippage  or  rather  more  yam  dis¬ 
tortion  than  the  other  fabrics.  The  tear  resistance  across  the  filling  will  be  considered  largely. 

The  results  noted  in  foregoing  tables  were  obtained  from  tension  tests  and  rip-tear  tests: 

A  comparison  of  the  tensile  strength  and  stretch  surface  tension  and  the  value  of  (E)  is 
interesting  and  substantiates  the  statement  that  the  strip  test  is  subject  to  lateral  contraction, 

which  influences  the  magnitude  of  the  results. 

The  rip  test  proper  was  made  according  to  the  test  outlined,  in  which  the  material  was 

torn  when  subjected  to  the  lateral  constraint  of  the  fabric  doped  on  a  panel. 

The  single  rip  test  was  performed  on  unconstrained  material  and  having  only  one  point 
on  the  line  of  tear.  It  is  observed  that  ,wice  he  single  unconstrained  test  is  greater  than  the 
double  constrained  test.  This  shows  clearly  the  effect  noted  earlier  that  a  fabric  detached 
from  a  frame  turns  back  from  the  point  of  tear  and  increases  the  apparent  tear  resistance. 
Considering  the  fact  that  a  wing  fabric  is  constrained  laterally,  it  is  evident  that  tear  tests 
should  be  made  on  the  panel. 

The  values  of  rip  tear  were  taken  from  the  autographic  records  shown  in  figures  10  to  14, 
inclusive.  The  variations  of  tension  are  plotted  against  time.  They  show  maximum  tensions 
necessary  to  start  the  tear  and  minimum  tensions  at  which  the  tear  stops.  The  values  of 
average  maximum  tear  are  of  importance  and  are  listed  in  the  tables.  However,  it  is  necessary 
to  know  how  the  material  behaves  after  the  tear  starts,  and  the  graphs  are  sufficient  to  indicate 
this.  The  linen  has  a  slightly  higher  average  tear,  a  much  lower  minimum  tear  and  a  lowei 
average  tear  than  the  grade  “A”  cotton.  A  comparison  between  the  irregularity  of  the  tear  curves 
for  cotton  and  the  stretch  is  of  interest.  The  warp  and  filling  tear  of  grade  “A”  cotton  illus¬ 
trates  graphically  the  effect  of  stretch  or  tear  resistance.  The  number  of  threads  and  strength 
of  the  yams  are  the  same,  and  the  increased  stretch  of  the  warp  materially  increased  the  tear 
resistance  as  well  as  the  irregularity. 

The  tables  may  be  more  easily  visualized  by  referring  to  the  figures  30  and  31,  which  may 
be  considered  as  graphic  tables.  Figure  30  refers  to  rip  tear  alone. 

From  an  examination  of  the  curve  1— F,  which  represents  the  rip  or  tongue  tear  test,  and  the 
curve  2— F,  which  represents  the  yam  strength,  it  is  observed  that  with  the  exception  of  fabric 
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8774  the  effective  single  yam  strength  dominates  the  tear  resistance,  and  that  the  elongation 
or  stretch  (3-F)  has  considerable  influence.  The  fabric  265  B  has  yam  slippage  to  a  greater 
degree  than  the  others,  which  would  tend  with  the  greater  effective  strength  to  increase  mate¬ 
rially  the  tear  resistance.  This  is  not  the  case,  as  the  tear  resistance  is  lower  and  is  made  lower 
by  reason  of  comparatively  little  stretch. 

The  fabric  8774  is  of  interest  in  that  it  is  apparently  contradictory  of  the  above-noted 
tendencies.  It  was  noted  that  the  load-stretch  diagram  exhibited  a  radical  change  of  curva¬ 
ture,  which  indicates  a  great  tendency  for  the  dope  to  become  separated  from  the  yarn.  This 
condition  is  exaggerated  in  the  tear  test  due  to  torsion  of  the  yams,  and  the  effective  strength 
approaches  the  strength  of  undoped  fabric  yams.  The  increase  of  strength  due  to  doping  is 
much  greater  in  the  case  of  unmercerized  yams  than  in  the  case  of  mercerized  yarns,  which 
further  exaggerate  the  value  of  the  effective  strength  as  found  by  dividing  the  tensile  strength 
doped  by  the  number  of  threads.  The  dotted  line  of  curve  2-F  indicates  the  effective  strength 
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of  the  undoped  yams.  The  curve  ought  to  be  more  steep.  From  this  consideration,  it  is  seen 
that  the  noted  tendencies  are  true. 

The  curves  on  figure  31  are  plotted  from  values  obtained  from  burst  test.  The  curve 
5-F  is  the  surface  tension  at  the  time  of  tear  and  corresponds  to  the  tensile  wound  test,  the 
results  of  which  are  plotted  in  curve  4-F.  The  results  are  radically  different,  due  to  difference 
in  lateral  constraint.  The  elongation  in  the  burst  tear  at  the  time  of  tear  is  shown  by  curve 
7-F.  The  elongation  at  the  burst  is  parallel  to  this  curve.  It  will  be  observed  that  the  relative 
amount  of  stretch  is  reversed  in  the  two  methods  of  test,  and  that  the  curves  of  effective  tensile 
yam  strength  (2-F),  stretch  (3-F),  and  wound  test  (4-F)  are  fairly  consistent  in  themselves. 
The  effective  surface  tension  yam  strength  (8-F),  elongation  (7-F),  and  surface  tension  at 
time  of  tear  (5-F)  are  consistent.  The  differences  between  the  groups  are  therefore  due  to 
lateral  constraint.  It  is  observed  that  the  wound  test  without  lateral  constraint  may  lead  to 
conclusions  which  are  not  correct. 
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The  curve  9,  figure  31,  is  a  more  nearly  true  index  to  wound  tear  resistance,  for  the  factor 
of  safety  in  an  airplane  wing  covering  is  the  relative  pressure  which  the  material  is  capable  of 
withstanding  before  tear  starts  from  a  wound.  The  value  of  surface  tension  as  determined  by 
a  tension  wound  test  is  apt  to  be  misleading  and  can  not  be  used  to  calculate  pressures. 

The  elongation  influences  tear,  and  from  the  considerations  of  the  above  discussion  and 
burst  tests  it  is  possible  to  predict  change  in  performance  due  to  wing  deflections. 

From  the  fact  noted  that  the  elongation  may  be  considerably  reduced  in  the  burst  test,  it 
is  logical  to  assume  that  the  interpretation  of  the  load-stretch  diagram  may  be  misleading,  and 
therefore,  in  judging  performance,  it  is  best  to  consider  the  pressure  deflection  curves  rather 
than  the  load-stretch  diagrams. 

It  was  noted  that  the  elongation  influenced  the  tear  resistance,  in  that  a  decreased  elonga¬ 
tion  caused  a  decrease  in  tear  resistance.  It  is  assumed  from  this  that  an  increased  amount  of 
lateral  constraint  perpendicular  to  line  of  tear  will  reduce  the  tear  resistance.  The  surface 
tension,  or  lateral  constraint,  is  less  in  the  cotton  “A”  than  in  the  linen  for  any  givon  pressure, 
as  far  as  tear  is  concerned.  From  this  it  may  be  concluded  that,  although  the  rip  tear  tests 
show  the  same  values  for  “A”  cotton  and  “A"  linen,  the  factor  of  safety  is  greater  for  the 
cotton  than  for  the  linen. 

The  consideration  of  bursting  pressures  lead  to  the  same  conclusion. 

Tabulation  of  tests. — The  following  groups  of  fabrics  have  been  tested  to  give  enough 
information  from  a  consideration  of  the  foregoing  to  allow  one  to  draw  his  own  conclusions  as 
regards  the  suitability  of  any  fabrics  of  the  group. 

The  values  of  yarn  number  were  given  by  the  manufacturer.  The  values  of  weight  and 
thread  count  are  actual  determinations  made  in  the  laboratory,  and  it  is  possible  that  in  some 
cases  the  three  values  will  not  check. 

DISCUSSION  OF  GROUP  A. 

The  fabrics  of  group  “A”  are  miscellaneous  fabrics  which  have  been  considered.  Service 
tests  were  made  on  several  of  these  and  the  results  may  be  summarized. 

The  fabric  No.  7  of  2/40  unmercerized  yarn  gave  satisfactory  service  on  many  planes. 
The  same  material  of  mercerized  yarn,  fabric  17,  gave  very  good  service.  The  dope  absorption 
was  excessive. 

The  fabric  (50)  of  3/80’s  yarn  gave  fair  service  on  training  planes,  but  became  mushy  in 
spots  and  loose  after  continued  use.  The  same  material  made  of  mercerized  yarn,  fabric  (22), 
gave  excellent  service.  The  dope  penetration  was  excessive,  which  reduced  the  tear  resistance 
materially. 

The  fabric  (51)  of  2/50  and  3/80’s  yarn  gave  questionable  service. 

The  fabric  (26)  of  2/60’s  mercerized  yarn  gave  excellent  service  and  the  dope  penetration 
was  not  greater  than  was  considered  consistent  with  good  service.  More  extensive  tests  on 
this  material  are  given  elsewhere  in  the  report  under  “A”  cotton. 

It  was  concluded  that  this  fabric  had  the  most  advantageous  combination  of  desirable 
qualities,  and  that  it  was  the  best  fabric  for  use  imrnediatelv  after  weaving. 


Deffect/cn  in  /riches . 
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Group  A. 


Sample. 

Weight 

(ounce 

per 

square 

yard). 

Thread  count. 

Yam  number. 

Tensile  strength. 

Elongation. 

20 

70 

W. 

F. 

W. 

F. 

W. 

F. 

W. 

F. 

W. 

F. 

25 

5.3 

88 

87 

2/70 

2/70 

70.5 

79.0 

17.5 

6.0 

24.5 

11.0 

r 

4.2 

56 

59 

2/40 

2/40 

72.6 

81.5 

10.5 

10.  25 

15.5 

14.5 

51 

4.2 

68 

71 

2/50 

3/80 

79.0 

79.0 

14.5 

8.5 

20.5 

13.5 

50 

4.2 

70 

70 

3/80 

3/80 

72.6 

77.0 

13.5 

10.5 

20.0 

16.0 

22 

3.8 

68 

70 

3/80 

3/80 

72.6 

72.6 

10.5 

6.0 

15.0 

*9.5 

37 

5.0 

76 

75 

4/100 

4/100 

75.0 

83.5 

14.5 

9.5 

21.0 

15.0 

26 

4.2 

79 

84 

2/60 

2/60 

88.0 

90.0 

10.0 

5.0 

14.5 

*8.0 

17 

4.2 

56 

56 

2/40 

2/40 

77.0 

83.5 

9.5 

5.0 

13.0 

*7.0 

15 

5.4 

85 

88 

2/50 

2/50 

79.0 

110.0 

17.0 

7.0 

24.5 

11.0 

59 

80 

65 

3/80 

2/50 

70.5 

66.0 

16.5 

5.5 

23.5 

10.0 

52 

4.5 

93 

86 

2/60 

2/60 

79.0 

81.5 

11.5 

6.5 

18.0 

11.0 

30 

5.0 

77 

76 

2/46 

2/47 

77.0 

75.0 

13.5 

9.0 

20.0 

13.5 

16 

4.2 

71 

69 

3/80 

3/80 

72.6 

77.0 

13.0 

10.5 

19.0 

16.0 

14 

5.3 

88 

87 

2/70 

2/70 

72.6 

75.0 

18.5 

7.0 

25.5 

11.5 

13 

4.5 

76 

78 

2/50 

3/80 

83.5 

81.5 

24.5 

6.5 

28.0 

11.0 

11 

5.4 

67 

71 

2/40 

3/60 

88.0 

97.0 

23.0 

6.5 

28.0 

10.5 

10 

5.2 

67 

71 

2/40 

2/40 

97.0 

101.0 

19.0 

6.5 

25.5 

10.0 

9 

4.6 

31 

45 

2/50 

2/50 

67.0 

88.0 

21.5 

6.5 

28.5 

10.0 

6 

4.2 

69 

68 

2/50 

2/50 

70.5 

81.5 

13.0 

7.5 

18.5 

12.0 

40 

101 

95 

3/100 

3/100 

88.0 

90.0 

14.0 

7.0 

22.0 

11.0 

38 

74 

76 

4/100 

4/100 

72.6 

86.0 

18.0 

7.0 

25.0 

11.0 

37 

76 

75 

4/100 

4/100 

77.0 

83.5 

14.5 

9.5 

21.0 

15.0 

12 

4.2 

68 

71 

2/50 

3/80 

77.0 

77.0 

15.0 

8.5 

20.5 

13.0 

*  Mercerized. 
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DISCUSSION  OF  GROUP  B. 

The  fabrics  of  group  B  were  all  made  of  3/80’s  mercerized  and  bleached  yarns,  excepting 
those  referred  to  as  A  and  B  cotton.  The  grade  A  cotton  is  the  standard  2/60’s  mercerized 
cotton  fabric,  and  the  B  is  the  3/80’s  mercerized  cotton  fabric. 

The  experiments  were  based  on  the  general  knowledge  that  a  3/80’s  mercerized  and  bleached 
thread  yarn  is  the  strongest  per  unit  of  weight,  and  it  was  thought  advisable  to  conduct  a  few 
experiments  on  fabrics  made  up  of  these  yarns.  The  values  listed  under  the  heading  “unit 
strength”  were  found  by  dividing  the  tensile  strength  of  the  warp  and  fdling  respectively  by  the 
weight  per  square  yard.  This  valhe  appeared  to  be  the  best  common  basis  to  be  used  in  de¬ 


termining  the  relative  values  of  the  strengths  of  fabrics  of  different  weights.  It  will  be  noted 
that  the  unit  strength  is  greater  than  that  obtained  from  the  experimental  3/80’s  fabric  and  that 
it  is  somewhat  less  than  the  unit  strength  of  the  experimental  2/60’s  fabric.  From  this  it  was 
concluded  that  although  the  yarn  strength  is  greater  per  unit  of  weight  the  fabrics  are  not 
stronger.  Assuming  a  plain  weave  fabric  of  fairfy  close  structure  such  as  2011,  it  is  evident  that 
the  strongest  yarn  will  not  produce  the  strongest  fabric.  The  tensile  strength  is  a  measure  of 
the  vertical  components  of  stresses  parallel  to  the  line  of  stress.  For  the  same  stress  in  the 
yarn,  the  measured  component  is  reduced  in  proportion  to  the  manner  in  which  the  yarn  is 
interlaced  as  compared  to  the  straight  yarn.  The  interlacing  of  the  yarn  serves  to  impart 
to  the  fibers  an  additional  bond,  and  hence  has  the  tendency  to  increase  the  yarn  strength. 
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The  elements  of  fiber  crushing  and  radial  slippage  enter  into  the  consideration  of  stresses  at  the 
interlacings.  From  these  considerations,  it  is  observed  that  a  yarn  weaker  than  the  maximum 
strength  may  give  the  stronger  fabric,  for  in  such  a  case  it  is  possible  to  utilize  abvantageously 
the  forces  expended  at  the  points  of  interlacings.  The  yarns  of  these  fabrics  have  little  stretch, 
and  it  is  observed  that  this  has  the  effect  of  inducing  stresses  at  the  bending  of  the  yarns  at  the 
interlacings.  This  is  evidenced  from  a  consideration  of  the  unit  strength  of  the  plain  weave 
fabrics  of  low  and  high  thread  count,  and  in  the  basket  weave  fabrics. 


0  2  4  6  d  10  H  14  /6  /d  20  22 

Fig  27  Pressure  -  L&s.persg.  in. 


The  bursting  pressures  and  pressure  deflection  curves  of  these  fabrics  indicate  that  they 
would  make  very  desirable  airplane  fabrics.  The  tear  resistance  is  considerably  reduced  by 
excessive  dope  penetration  into  the  yarns  and  into  the  interstices  of  the  fabric.  The  bleaching 
of  the  yarns  make  them  more  absorbent,  and  it  is  thought  that  it  allbws  excessvie  dope  pene¬ 
tration  to  the  detriment  of  the  tear  resistance.  These  fabrics  may  be  treated  to  prevent  dope 
penetration,  but  it  is  believed  that  fabrics  of  equal  strength  can  be  made  of  2/60’s  or  other 
more  easily  produced  yarns. 

These  yarns  would  find  their  principal  application  in  a  fabric  of  gray  or  mercerized  warp 
and  a  filling  of  the  mercerized  and  bleached  filling,  with  considerably  more  picks  than  ends. 
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Group  B. — Stretch  relations  undoped. 


Warp. 

Filling. 

At  pounds . 

10 

65 

65 

4  O 

K  1 

6.4 

7.2 

6.4 

2008S  1  . 

Q 

l  X 

O.  O 

o.  o 

^  O 

4.  o 

4.  0 

2009S  i . 

«?  n 

*1  X 

0.  5 

7  9 

Q  Q 

4‘  A 

O.  0 

8. 6 

I, 

7  I, 

in 

6.  U 

5.0 

10  V 

•  •  4 

13  3 

17  R 

4>z 

6. 5 
5.9 

11  0 

1*1  7 

ix  n 

in  7* 

6.6 

9.75 

8.0 

Q ;  1 

0.  0 

O.  D 

O.  U 

2008  to  2010S  are  2/2  twills.  ‘  FilUng  Str6tCh  gr0ater  than  Warp’ 

2011  and  2011S  are  plain  weave. 

S«=  Warp  sized. 

Group  B. — Tensile  undoped. 


Sample  marks. 

Weight 

per 

square 

yard 

(ounces), 

undoped. 

Threads  per 
inch. 

Tensile  strength 
(pounds). 

Unit  strength , 
tensile  divided 
by  weight. 

Remarks. 

W. 

F. 

W. 

F. 

W. 

F. 

2008 . 

3.4 

66 

64 

77 

81 

22.6 

23.8 

2  by  2  twill. 

2008b  . 

S.6 

66 

62 

79 

78 

21.9 

21.7 

Do. 

3.6 

68 

67 

79 

82 

21.9 

21.8 

Do. 

2009 S . 

5.55 

68 

62 

85 

72 

23.9 

20.3 

Do. 

4.35 

80 

79 

88 

94 

20.2 

21.6 

Do. 

SOWS . 

4-4 

80 

79 

90 

97 

20.4 

22.0 

Do. 

3.7 

68 

67 

77 

84 

20.8 

22.7 

Plain. 

2011s . 

S.S 

68 

66 

77 

76 

20.3 

20.0 

Do. 

A  cotton  spec . 

4.5 

80 

80 

80 

80 

17.8 

17.8 

Do. 

B  cotton  spec . 

4-0 

68 

68 

73 

73 

18. 4 

18. 4 

Do. 

A  experimental . 

4.2 

79 

84 

90 

110 

21.4 

26.2 

Do. 

B  experimental . 

3.8 

68 

70 

75 

75 

19.7 

19.7 

Do. 

4.8 

72 

72 

84 

80 

17.5 

16.6 

16  harness-broken  twill. 

Group  B. — Tensile  undoped. 


Sample  mark. 

W-eight 

per 

square 

yard, 

(ounces), 

undoped. 

Threads  per 
inch. 

Tensile  strength 
(pounds). 

Unit  strength, 
tensile  divided 
by  weight. 

Remarks. 

W. 

F. 

W. 

F. 

W. 

F. 

1986 . .  . 

5.0 

6.6 

5.7 

76 

76 

84 

128 

132 

86 

123 

121 

16.8 

22.8 

22.8 

17.2 
22.0 

21.2 

Plain. 

5  by  5  basket. 

6  by  6  basket. 

Plain  weave,  gray  yarn. 
Do. 

Do. 

1 . 

2 . 

76 

76 

72 

74 

74 

70 

2026S . 

8— Sized  warp. 


Group  B. — Bursting  tests  doped. 


Number. 


2008 . 

2008S . 

2009  . 

2009 S . 

2010  . 

sows . . 

2011 . 

tons . 

2026 . . 

2026 S . 

2024 . 

Grade  A  cotton. 
Linen . 


Bursting  test. 

Tearing  test. 

W eight  (ounces). 

Thread  count. 

Wreave. 

P. 

D. 

P. 

D. 

Undoped. 

Doped. 

W. 

F. 

16.1 

1 

2.7 

0. 34 

3.6 

6.2 

66 

63 

Twill. 

16. 4 

1.08 

2.0 

.3 

5. 55 

6.2 

67 

63 

Do. 

17.6 

1.03 

3.8 

.45 

3.7 

5.8 

68 

66 

Do. 

18.6 

1.27 

2.1 

.27 

3.6 

5.9 

68 

63 

Do. 

21.9 

1.15 

2.8 

.32 

4.4 

6.3 

78 

80 

Do. 

20.4 

1.1 

1.9 

.38 

4.4 

6.4 

80 

SO 

Do. 

17.8 

1.03 

2.2 

.35 

3.8 

6.5 

66 

66 

Plain. 

18.1 

.93 

3.2 

.43 

3.8 

6.5 

68 

66 

Do. 

22.2 

1.1 

4.1 

.47 

4.2 

6.4 

76 

75 

Do. 

22.8 

1.11 

3.3 

.57 

4.2 

6.5 

76 

78 

Do. 

23.0 

1.3 

2.6 

.48 

4.4 

6.9 

74 

73 

Do. 

18.6 

.94 

3.2 

.52 

4-0 

5.6 

79 

84 

Do. 

14.7 

.78 

2 

.14 

3.5 

5.4 

94 

97 

Do. 

P= pressure  in  pounds  per  square  inch. 

D  — deflection  in  inches  of  center  point  of  fabric. 
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DISCUSSION  OF  GROUP  C. 


The  fabrics  of  group  (C)  were  constructed  to  meet  an  urgent  demand  for  fabrics  of  twice 
the  strength  and  twice  the  tear  resistance  of  the  standard  A  cotton  fabrics.  There  was  no 
limit  placed  on  the  weight,  and  it  was  necessary  to  use  immediately  available  yarns.  As  a 
result,  the  fabrics  may  appear  to  be  illogical,  but  the  group  is  interesting. 

Many  of  these  fabrics,  as  seen  from  the  structure,  are  very  closely  woven,  and  the  dope 
penetration  was  not  good,  and  those  fabrics  failed  to  tighten,  ihe  degree  of  tightness  is 
rather  misleading,  for  the  regular  “ping’’  test  does  not  give  the  desired  noise  in  the  case  of 
the  heavy  fabrics,  but  actual  tautness  measurements  showed  that  many  of  these  fabrics  were 
very  satisfactory.  There  is  an  element  of  stiffness  in  the  heavy  and  thick  fabrics  which  gives 
a  better  tautness  than  would  be  expected  from  a  consideration  of  load-stretch  diagrams  This 
factor  has  no  appreciable  influence  on  the  thinner  fabiics. 

Of  the  group  the  fabric  3092,  N-12,  P-S,  G-29,  A-3000,  A-3001,  G-23,  and  similar  ones 
were  very  satisfactory.  Jt  wdll  be  observed  that  the  tear  test  used  is  a.  radical  modification 
of  the  wound  test.  The  samples  were  cut  4  inches  wide  by  6  inches  long,  and  clamped  in  the 
testing  machine  with  3  inches  between  the  jaws.  A  i-inch  slit  was  cut  perpendicular  to  the 
line  of  pull  midway  between  the  clamps.  Five  coats  of  acetate  dope  were  used  in  all  cases. 

The  demand  for  this  class  of  fabric  stopped  as  suddenly  as  it  had  arisen,  and  the  group 
was  not  completed. 

Test  results  of  group  (G). 


Sample  mark. 


i  Weight, 
|  doped. 


A -2/00 . 

P-1 . 

P-2 . 

P-3 . 

P-4 . 

P-5 . 

P-6 . 

P-7 . 

P-8 . 

P-9 . 

P-10 . 

A 8760 . 

N-ll . 

N-12 . 

N-13 . 

G-22 . 

G-23 . 

G-24 . . . 

0-25 . 

0-2 0 . 

G-27 . 

G-28 . 

0-29 . 

G-30 . 

GA-2953-6 . 

Gx2 . 

G— 40 . . 

0-41 . 

G-42 . 

G-45 . 

G-Mx . 

G-M1175 . 

G-MU76 . 

G-M1177 . 

P-8760 . 

AH1 . 

AH2 . 

AH3 . 

AH4 . . . 

AH5 . 

A2953X . 


12. 

12. 

13. 

12. 


8. 

11. 

12. 


Tensile,  undoped,  j 

1 

F.  ! 

'» 

80  1. 

111 

166  j. 

112 

105  |. 

141 

153 

132 

114 

139 

181 

150 

169 

135 

133 

151 

143 
iso  1 

151 

133 

168 

130 

IRS 

159 

178  1 

129 

124 

132 

194  i 

134 

153 

112 

117 

105 

203 

113 

189 

113 

151 

139 

139 

153 

207 

120 

181 

107 

123  | 

143 

173  i 

53 

71  ; 

106 

122  ! 

176 

142  ! 

168 

182 

102 

109  , 

101 

124 

76 

77  1 

168 

188 

129 

137 

106 

146 

119 

137 

90 

134 

118 

129 

110 

109 

Strength,  doped. 

Tear  test,  bursting. 

Tear  test,  wound." 

Bursting  test. 

W. 

F. 

r. 

D. 

j 

%  w. 

F. 

P. 

D. 

I 

. 1 

. 

3.15 

.......... 

80 

95 

22.07 

1.247 

198  : 
249  ! 
252 
255  ! 
225 

257 

144 

141 

148 

143 

. 

138 

144 

141 

148 

143 

195  1 

183 

221 

237 

191 

. 

. . 

6.0 

6.9 

0. 66 
.78 

22.8 

1.56 

176 

153 

242 

204 

9.1 

1.10 

140 

136 

187 

191 

. 

. 

172 

152 

193 

171 

162 

170 

. 145 

160 

249 

226 

204 

271 

202 

. 272’ 

. 

. 

129 

141 

152 

143 

143 

146 

**!""*!! 

134 

135 

178 

168 

191 

266 

187 

. 233’ 

. 

7.0 

.90 

8.0 

. 9.6 

. 7.  o’ 

7. 7 
12.7 

1.00 

. L02 

. 

.99 

1.10 

. 

. . 

175 

175 

172 

220 

149 

173 

149 

227 

36. 4 

. 1. 82 

271  j  143 

5.2 

6.8 

4.8 
6.0 

5.9 

.08 

.68 

.76 

.82 

.69 

ZU4 

. 

j . 

i 

. 

1 

. 

. 

. 

. 

. 

. 

. 

. 

. . 
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Structure  of fabrics  group  (C). 


Sample  mark. 

Weight  per 
square 
yard. 

Thread 

warp. 

Count  fill¬ 
ing. 

Yarn  number. 

Weave. 

w. 

F. 

Ounces. 

9.8 

86 

80 

P-2  . 

6.9 

108 

84 

9.2 

166 

83 

2/60 

2/60/2 

T  2  x  2. 

9.3 

168 

84 

2/60 

2/60/2 

BT. 

8.8 

168 

88 

2/60 

2/60/2 

B  4  X  4. 

8.8 

168 

84 

2/60 

2/60/2 

B  2x4. 

8.3 

168 

78 

2/60 

2/60/2 

BT. 

8.3 

168 

78 

2/60 

2/60/2 

T  2x  2. 

8.2 

168 

82 

2/60 

2/60/2 

BT  2x  2. 

8.1 

168 

78 

2/60 

2/60/2 

T  2  x  2. 

A-S760 . 

8.6 

76 

76 

2/60 

2/60/2 

BT. 

6.2 

2/60 

2/60 

2/60 

2/60/2 

N-13 . 

8.6 

160 

164 

2/60 

2/60 

7. 8 

72 

88 

50/3 

30/3 

Double  fabric,  plain  weave. 

9.3 

76 

72 

50/3 

30/3 

ML. 

7.8 

72 

88 

50/3 

50/3 

Double  fabric,  3/1+ 1/3. 

G-25 . 

6.6 

116 

120 

2/60 

2/60 

BT. 

G-26 . . 

9.  1 

71 

98 

60/3 

40/3 

Double  fabric. 

G-27 . 

9.5 

72 

102 

60/3 

50/3 

Double  fabric,  1/3+3/1. 

G-28 . 

8.3 

72 

102 

60/3 

60/3 

Double  fabric,  plain  weave. 

G  29 . 

9.2 

72 

72 

60/3 

60/3 

Do. 

G-30 . 

11.0 

52 

88 

30/3 

30/3 

ML. 

A -29553-6 . 

8.7 

72 

74 

50/3 

50/3 

B  2  x  2. 

G  x-2 . 

6.3 

120 

120 

2/60 

2/60 

ML  4  x  4. 

G  x-40 . 

9.2 

164 

86 

2/60 

2/60/2 

T  2  x  2. 

G  x-41 . 

5.0 

45 

66 

2/30 

2/30 

P  1/1. 

G  x-42 . 

6.4 

120 

116 

2/60 

2/60 

ML. 

G  x-45 . 

8.8 

162 

176 

2/60 

2/60/2 

BT  2x2. 

4.0 

64 

68 

40/2 

2/60/2 

ML. 

M  1175 . 

5.4 

96 

96 

40/2 

2/60/2 

ML. 

M  1176 . 

7.2 

128 

144 

3/80 

3/80 

B  3  x  3. 

M  1177 . 

4.2 

94 

96 

2/60 

2/60 

P. 

A-S760 . 

8.6 

76 

69 

F. 

A  HI . 

7.5 

72 

76 

50/3 

50/3 

A-H2 . 

7.4 

72 

76 

50/3 

50/3 

A  H3 . 

7.3 

72 

76 

50/3 

50/3 

A  H4 . 

7.0 

72 

76 

50/3 

50/3 

A-H5. . . . . . . . . . 

7.4 

72 

76 

50/3 

50/3 

A-2953X . 

9.6 

64 

64 

50/3 

50/3 

T=Twill. 

B=Basket. 

BT=Broken  Twill. 

ML=Mock  Leno. 

Stretch  of  fabrics  group  ( C ). 


98  A . 

98B . 

97A _ 

97B _ 

96A . 

96B _ 

A-3000. 

A-3001. 

95  A _ 

95B..... 

1 . . 

2 . . 

3  . 

4  . 

5  . 

6  . 

7  . 

8  . 

9  . 

10  . 

8760... 
A-2951 . 

A . 

B . 

22 . 

23  . 

24  . 

25  . 

26  . 

27  . 

28  . 

29  . 

30  . 

40 . 

42 . 


Sample  mark. 


Stretch,  per  cent  undoped. 

Stretch,  per  cent  doped. 

20 

1 

70 

100 

20 

70 

100 

w. 

i 

F. 

W. 

F. 

W. 

F. 

W. 

F. 

W. 

F. 

w. 

F. 

8.0 

7.0 

11.0 

10.5 

14.0 

12.0 

6.5 

6.0 

12.0 

9.0 

15.0 

10.0 

8.0 

2.0 

13.0 

6.0 

16.0 

8.0 

9.0 

8.0 

13.0 

12.0 

15.0 

14.0 

8.0 

7.0 

11.0 

10.0 

13.0 

12.0 

8.0 

7.0 

13.0 

11.5 

15.5 

14.0 

7.0 

4.0 

12.0 

11.0 

14.0 

13.0 

3.0 

1.5 

1.1 

7.0 

9.0 

14.0 

2. 5 

2  0 

£  n 

6.0 
£  £ 

in  n 

£  £ 

3  n 

3  0 

7  n 

Q  1 

1 1  n 

9.0 

1.8 

13.0 

15.0 

15.0 

18.0 

5.0 

2.0 

13.0 

8.0 

16.0 

10.0 

7.0 

6.0 

11.0 

9.0 

18.0 

3.0 

2.0 

13.5 

14.0 

11.0 

11.5 

26.0 

3.5 

35.0 

6.0 

38.0 

8.0 

21.0 

5.0 

30.0 

8.0 

33.0 

11.0 

11.0 

4.0 

16.0 

7.0 

18.0 

8.0 

20.0 

4.0 

23.0 

7.0 

37.0 

8.0 

17.0 

2.0 

22.0 

4.0 

25.0 

4.5 

7.0 

1.0 

26.0 

2.5 

29.0 

3.5 

9.0 

2.0 

15.0 

4.0 

22.0 

5.5 

9.0 

2.0 

14.0 

4.0 

17.0 

6.0 

9.0 

3.0 

15.0 

5.5 

17.0 

7.0 

10.0 

4.0 

14.0 

6.0 

16.5 

7.0 

9.0 

3.5 

15.0 

6.0 

17.0 

7.0 

7.0 

4.0 

10.0 

6.0 

12.0 

8.0 

11.0 

3.0 

17.0 

4.5 

14.0 

6.0 

16.0 

2.5 

28.0 

5.0 

33.0 

7.0 

6.0 

4.0 

9.0 

6.0 

11.0 

8.0 

4.5 

11.0 

7.0 

15.0 

7.0 

18.0 

11.0 

8.0 

18.0 

11.0 

21.0 

13.0 

6.5 

4.0 

10.0 

7.0 

13.0 

9.0 

17.0 

7.0 

26.0 

10.0 

31.5 

12.0 

11.0 

4.0 

15.0 

6.0 

19.0 

7.0 

8.0 

4.0 

1.7 

6.0 

14.0 

7.0 

6.5 

7.0 

10.0 

11.0 

12.0 

9.0 

6.0 

12.0 

8.0 

15.5 

9.0 

. | . 

.1  11.5 

2.5 

16.0 

8.0 

19.0 

9.0 

.|  6.5 

6.0 

9.5 

8.0 

11.0 

9.5 
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Stretch  of fabrics  (C) — Continued. 


Samole  mark. 


45 . 

MX . 


M-1177. 

A-2953. 


M-1175. 
ML . 

AH-2... 


A- 44 . 

A-2953X. 


Stretch,  per  cent  undoped. 

20 

70 

100 

W. 

F. 

W. 

F. 

W. 

F. 

1  9.5 

10.0 

15.0 

14.5 

18.0 

17.0 

9.0 

7.0 

11.0 

8.5 

15.0 

10.0 

10.0 

2.0 

17.0 

4.0 

7  p; 

17.5 

5.0 

lo.  U 
i  11.0 

4.5 

15.0 

7.0 

19.0 

9.0 

1  14.0 

10.0 

21.0 

15.0 

25.0 

18.0 

6.0 

4.0 

9.5 

6.0 

11.5 

7.5 

8.0 

4.5 

12.0 

7.0 

14.5 

8.0 

6.0 

6.0 

9.0 

9.5 

13.0 

12.0 

7.0 

4.0 

14.0 

8.0 

16.0 

10.0 

10.0 

!  5.0 

14.0 

7.0 

17.0 

10.0 

x  n 

f>  0 

7.0 

10.0 

12.0 

3.0 

!  6.0 

6.0 

10.0 

. 

9.0 

13.0 

j  10.0 

I  2.0 

13.0 

3.5 

14.7 

4.0 

Stretch,  per  cent  doped. 


20 

70 

100 

W. 

F. 

W. 

F. 

w. 

F. 

. 

........ 

. 

. 

. 

1 . 

.... 

1 . 

. 

r 

1 . i . 1 . 

DISCUSSION  OF  GROUP  D. 


The  fabrics  of  group  D  are  made  of  mercerized  yarn  of  a  number  in  the  vicinity  of  2/25’s; 
and  the  grade  of  cotton  is  a  long  staple.  These  fabrics  have  no  immediate  value,  but  it  was 
thought  advisable  to  study  the  possibilities  of  utilizing  the  spinning  capacities  of  the  mills 


which  were  hung  up  to  make  the  lower  counts  of  yarn  from  long-staple  cottons.  The  structuic 
is  much  too  open  in  the  case  of  the  lighter  weights,  and  allows  an  excessive  dope  penetration; 
and  their  structure  is  too  open  to  allow  the  closing  of  the  interstices  by  finishing  processes  such 
as  calendering  or  beetling,  although  the  finishing  would  help  much. 

Experiments  were  made  to  determine  the  feasibility  of  spraying  a  surface  coating  of  dope 
on  such  fabrics.  The  spraying  apparatus  was  not  all  that  could  bo  desired,  but  the  results 
were  satisfactory  within  the  limits  of  the  values  desired.  It  was  observed  that  in  many  cases 
the  dope  film  shrank  to  such  an  extent  as  to  break  the  frame  upon  which  the  fabrics  were  doped. 
The  bursting  tear  tests  on  this  material  indicate  a  higher  bursting  pressure  when  spray  doped 
than  when  brush  doped,  and  the  higher  pressures  are  accompanied  by  an  increased  deflection. 
The  film  of  dope  does  not  bind  the  yarns  in  their  crimped  condition,  and  hence  allows  a  higher 
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deflection,  which  will  account  for  the  higher  bursting  pressures.  A  brush  doping  of  very  viscous 
dope  covers  the  fabric  well,  but  is  extremely  hard  to  apply. 

The  very  open  structure  fabrics  when  doped  by  a  brush  become  set  in  a  distorted  position 
and  present  a  surface  which  may  be  termed  baggy.  From  this  it  is  assumed  tha  t  brush  doping 
is  not  the  proper  method  for  open  fabrics,  and  that,  if  the  demands  are  great  enough,  the  open 
fabrics  may  he  satisfactorily  doped  bv  means  other  than  brush  doping. 

Of  this  group,  it  is  thought  that  the  fabric  3092  is  the  best  of  the  lighter  ones,  and  that 
3106  is  the  best  of  the  heavier  fabrics.  An  examination  of  pressure  deflection  curves  for  this 
group  will  show’  that  there  are  peculiarities  vdiich  are  not  common  to  the  other  groups.  For 
instance  the  pressure  deflection  curve  of  3106  shows  a  very  rapid  increase  of  deflection  at  the 


lower  pressures,  and  that  the  upper  part  of  the  curve  is  normal.  This  is  probably  due  to  the 
manner  in  which  the  dope  has  adhered  to  the  fabric.  The  union  between  the  dope  film  and  fabric 
of  a  heavy  fabric  is  quite  different  from  that  in  the  lighter  and  thinner  fabrics.  The  difference 
lies  in  the  fact  that  the  second  and  third  coats  of  dope  do  not  penetrate  as  thoroughly  as  they 
do  in  the  thinner  fabrics,  and  hence  the  37'arns  are  not  bound  as  well.  This  condition  may  be 
overcome  to  a  large  extent  by  change  of  weave  structure,  such  as  a  mock  leno,  which  allows  the 
dope  to  permeate  to  the  other  side  of  the  fabric.  The  heavy  fabrics  of  the  group  are  fairly 
dense  even  in  the  basket  weave,  and  a  four  by  four  mock  leno  would  open  the  structure  but 
very  slightly.  Fabrics  of  this  nature  may  be  corrected  more  advantageously  by  leaving  out 
quite  a  few  warp  ends  and  if  necessary  the  fabric  may  be  calendered. 
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BURSTING  rrsr  -  GROUP  "L 

Showing  -  Tbutness  of  Fabric 

"  -Relative  Pressure  Resistor 

Frame  Dimensions  16 x  6 1  cm.  inside. 

.  Fabric  Condition  -  Doped, 
fabrics  iron-?  Set?  warren  bach  tiabz 

-  II 

J3Z/3 

*ce 

-rCo. 

rid  13 

04 

?/3 

riGrat 

fe  A- Li 

hen 

0  Z 

Fig.  Z9 


d  10  II  M 
Pressure  -  Lbs.  per  so.  in. 

Group  D. 


IS 


to  zz 


Mark. 


3106. 


3092  . 

3096  . 

3097  . 

3093  . 

3109  . 

3110  . 

3111  . 

3112  . 

3100  . 

3101  . 

3102  . 

3107  . 

3108  . 

A  cotton. 
A  linen . . 

3096  . 

3097  . 


A  cotton. 


' 

Weight  per  square 
yard. 

Thread  count. 

Bursting  test. 

Bursting  tear. 

Remarks. 

Un doped. 

Doped. 

W. 

F. 

P. 

D. 

P. 

D. 

4.2 

6.8 

18 

54 

21.4 

0.96 

4.8 

0.43 

Brush  doped  4  watts 
acetate  dope. 

4.2 

7.2 

72 

74 

34.6 

1.22 

7.2 

.57 

4.0 

6.4 

29 

49 

16.3 

1.20 

5.4 

.86 

4.2 

6.6 

32 

54 

22.5 

1.03 

7.6 

.97 

4.0 

7.0 

24 

46 

19.2 

.93 

2.8 

.34 

6.0 

7.9 

44 

52 

28.1 

1.30 

5.7 

.68 

6.0 

8.2 

50 

46 

27.0 

.96 

4.8 

.66 

6.0 

8.4 

54 

70 

27.6 

1.25 

7.1 

.92 

6.0 

7.7 

60 

62 

24.6 

1.18 

4.3 

.81 

4.0 

5.7 

30 

40 

22.2 

1.46 

4.0 

.78 

4.0 

5.7 

38 

48 

20.6 

1.37 

3.8 

.76 

4.0 

7.1 

44 

46 

19.8 

2.63 

2.6 

.64 

4.0 

7.8 

44 

44 

20.6 

1.20 

3.0 

.51 

4.2 

6.2 

44 

44 

18.4 

1.13 

3.9 

.82 

4.0 

5.6 

79 

84 

18.6 

.94 

3.2 

.52 

3.5 

5.4 

94 

97 

14.7 

.78 

2.4 

.47 

4.0 

7.4 

29 

49 

17.4 

1.30 

7.0 

.90 

4.2 

7.6 

32 

54 

24.4 

1.13 

9.6 

1.00 

Spray  doped  acetate 

1.60 

5.1 

dope. 

4.2 

5.4 

79 

84 

22.8 

— 

!  ^ 
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DISCUSSION  OF  GROUP  E. 

The  fabrics  of  group  E  were  made  of  silk  fibers,  both  schappe  and  the  natural  length  fibers. 
The  silk  fiber  is  extremely  interesting,  and,  contrary  to  the  general  idea,  it  is  very  inelastic. 
Up  to  about  one-fourth  to  one-half  of  the  full  load  the  load-stretch  relations  of  the  silk  fiber 
follow  a  straight-line  ratio,  and  the  silk  is  fairly  elastic  up  to  this  region  of  yield.  Beyond 
this  region  the  permanent  set  is  very  large.  The  strength  per  unit  of  weight  is  much  greater 
than  for  the  other  fibers,  but  because  of  the  yield  region  the  effective  working  strength  is 
comparatively  low.  It  is  very  possible  that  this  condition  is  good,  considering  that  under 
extreme  conditions  of  loading  the  silk  fabric  would  stretch  a  large  amount  and  materially 
decrease  the  tension  in  the  fabric  and  preserve  the  desired  factor  of  safety.  An  examination 
of  the  pressure  deflection  curves  will  give  a  better  impression  of  the  actual  performance  in  this 
respect.  The  wing  would  have  to  be  covered  anew  after  such  a  condition  of  loading.  The 
yield  region  is  hidden  in  the  schappe  fabrics,  but  .  is  shown  by  a  gradual  change  of  curvature 
of  the  load-stretch  diagram. 

The  silk  fabrics  doped  up  very  well  and  had  all  the  outward  appearances  of  successful 
fabrics.  It  vras  observed  that  they  became  loose  when  exposed  to  humid  conditions,  and  that 
they  deteriorated  very  rapidly  on  exposure  to  weather,  probably  due  to  the  development  of 
an  internal  rot.  The  schappe  fabrics  did  not  have  as  great  a  tendency  to  become  loose  on 
exposure  to  humid  conditions.  It  wras  found  that  if  the  silk  fabrics  were  tentered  to  exceed 
the  yield  point  they  did  not  exhibit  the  large  stretches  per  unit  load  increase,  and  that  they 
did  not  loosen  materially  on  exposure  to  humid  conditions.  The  manufacture  of  schappe  has 
probably  caused  the  yield  point  of  the  fibres  to  be  exceeded,  and  is  a  possible  explanation  of  its 
performance.  The  reason  why  the  exceeding  of  the  yield  point  would  give  better  performance 
under  humid  conditions  is  not  clear.  The  prevention  of  rot  by  chemical  impregnation  is 
entirely  feasible,  and  it  is  believed  that  a  further  systematic  study  of  silk  fabrics  wxmld  lead  to 
the  conclusion  that  they  are  entirely  possible.  Very  satisfactory  fabrics  were  constructed 
of  selected  tussah,  and  fabrics  constructed  to  weigh  about  4.3  ounces  per  square  yard  of  schappe 
yarns  2/100’s  metric  were  very  promising. 


Group  E. 


Sample. 

Weight,  ounces. 

Tensile  strength. 

Tear  test. 

Burst  test. 

Elongation,  per  cent,  undoped. 

Undoped. 

Doped. 

20  pounds.  70  pounds. 

Undoped. 

Doped. 

W. 

F. 

W. 

F. 

P. 

D. 

p. 

D. 

W. 

F.  Wr. 

F. 

13213 . 

5 

0.69 

| 

21.2 

1.92 

5.0 

1 

.  4. 5 

13214 . 

. 

13.1 

1.31 

5675-80829 . 

2  4. 4 

6. 1 

99 

123 

92 

98 

4.0 

1.5  i  10.5 

6.0 

5674-80928 . 

13.6 

5.1 

89 

102 

83 

103 

. 

3.0 

1.0  1  14.0 

4.5 

5673-80830 . 

"3.6 

5.2 

81 

90 

72 

108 

3.0 

1.3  15.5 

5.0 

5712 . 

^3.4 

5.2 

74 

102 

85 

93 

3.5 

.79 

23.6  | 

1.78 

5.7 

1. 0  18.  5 

7.5 

5711 . 

**  1 

4. 1 

81 

80 

70 

2.7 

.75 

20 

1.71 

4  5 

1.8  . 

12 

5628 . 

6.6 

1. 06 

21.6 

2.13 

5644 . 

2.7 

.91 

19.2 

2. 32 

5645 . 

5.6 

.93 

25.4  1 

2. 37 

5646 . 

5.6 

1. 17 

23 

2.51 

1 

. 

. 1 

DISCUSSION  OF  GROUP  F. 

Group  F  compares  the  properties  of  several  fabrics  purposed  for  use  as  airplane  wring 
coverings.  From  an  examination  of  the  tables  it  is  evident  that  the  2/60’s  and  3/80’s  fabric 
are  to  be  compared  with  linen.  The  “H”  fabrics  are  capable  of  withstanding  higher  pressures, 
but  the  deflection  is  large  and  the  dope  adhesion  at  increased  loads  is  poor;  and  it  is  consid¬ 
ered  that  they  wall  not  give  satisfactory  service. 

The  curves,  figure  22,  show  the  pressure-deflection  relations  for  the  grade  “A”  linen, 
grade  “A”  cotton,  and  the  grade  “B”  cotton. 
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Group  F. 


UNDOPED  FABRIC. 


Laboratory  No. 


Sample  mark. 


P.  L.  36. 
P.  C.  74. 
0.  P.  22. 
Sig.  133 . 
Sig.  153a 
Sig.  150. 
Sig.  15 L. 
Sig.  152. 
Sig.  241 . 
Sig.  240. 


Standard  “A” . 

Experimental  2/60 . 

Experimental  3/80 . 

Standard  “A” . 

Signal  Corps  delivery  2/60 . 

“II"  single  yarn . . 

. do . 

. do . 

S.  C.  delivery  3/80 . 

S.  C.  delivery,  2/60  cotton,  N  236 


[English  unit.J 


Weight 

(ounces 

per 

square 

yard). 

Tensile  strength 
(pounds  per 
inch). 

Threads  per 
inch. 

Remarks. 

Warp. 

Filling. 

Warp. 

Filling. 

3.5 

83 

85 

94 

97 

Linen. 

4.0 

86 

89 

79 

84 

American  cotton. 

3.8 

74 

74 

68 

71 

Do. 

3.6 

80 

74 

97 

97 

Linen. 

4. 1 

78 

82 

79 

81 

American  cotton. 

4.2 

85 

78 

102 

104 

English  cotton  ( Leigh t). 

3.7 

74 

69 

107 

102 

English  cotton  (Fountain). 

4.3 

87 

78 

109 

102 

English  cotton  (Wilding). 

4.0 

73 

82 

68 

70 

American  cotton,  mercerized  yarn 

4.1 

82 

88 

79 

84 

Do. 

DOPED  FABRIC. 


[English  unit.] 


Laboratory  No. 

Sample  mark. 

Weight 

(ounces 

Per 

square 

yard). 

Tensile; 

(poun 

inc 

Warp. 

strength 
is  per 
h). 

Filling. 

Remarks. 

P.  L.  36 . 

P.  C.  74 . 

Sig.  153 . 

Sig.  153a . 

Sig.  150 . 

1  M 

Standard  “A” . 

Experimental  2/60’s . 

Standard  “A" . 

Signal  Corps  delivery  2/60’s . 

“H"  single  yarn . 

.  .do . * . 

5.4 

6.0 

5.3 

6.0 

6.0 

5.1 

6.2 
5.8 
5.6 
5.1 

92 
94 
94 

101 

99 

105 

104 

84 

93 
84 

99 

105 

121 

128 

128 

103 

107 

101 

112 

82 

Linen,  4  coats  Dupont  No.  20. 

Cotton,  American,  4  coats  Dupont  No.  20. 

Linen,  4  coats  Dupont  No.  50749. 

Cotton,  American,  4  coats  Dupont  No.  50749. 

Cotton,  English  (Leigh),  4  coats  Dupont  No.  50749. 
Cotton,  English  (Fountain,  116  H),  4  coats  Dupont  No 
50749. 

Cotton*  English  (Wilding),  4  coats  Dupont  No.  50749. 
Cotton,  4  coats  Maas  1739C  dope. 

Do. 

Linen,  4  coats  Maas  1739C  dope. 

do . . * 

Sig.  241 . 

Sig.  240 . 

Sig.  239 . 

Cotton  3/80,  N  239 . 

Cotton  2/60,  N  236 . 

Linen  “  A” . 

BURSTING  PRESSURE. 
[Per  unit  of  weight.  Doped  fabric.] 


Laboratory  No. 

Sample  mark. 

Pressure 
per  square 
inch  per 
ounce  of 
weight. 

Weight 

(ounces). 

3.3 

3.1 

2.9 

5.6 

6.8 

5.1 

3/80  cotton,' N  239 . 

BURSTING  TESTS. 


Laboratory  No. 

Sample  mark. 

Pressure 
(pounds 
per  square 
inen). 

Deflection 

(inches). 

Remarks. 

Sig.  240 . 

Signal  Corps  delivery  2/60,  N  236 . 

18.6 

0.94 

4  coats  Maas  1739C  dope. 

Do. 

Do. 

Sie.  241 . 

Signal  Corps  delivery  3/80,  N  239 . 

18.0 

1.06 

Standard  “A” . 

14.7 

.78 

- - - - 

TEARING  RESISTANCE. 


[Pressure  method.] 


Laboratory  No. 


Sample  mark. 


Sig.  153a .  N  235  cotton,  American,  2/60. . 

Sie.  153a . do . . 

Sig.  153 . i  Standard  “A"  linen,  English. 

Sig.  153 . ! . do . 

Sie.  153a . 1  N  235  cotton,  American,  2/60.. 

Sig.  153 . j  Standard  “A”  linen,  English. 

Sig.  241 . .  N  239  cotton,  American,  3/80. . 

Sig.  241 . 1  N  239  cotton . 

Sig.  152 . ;  “H”  single  yarn . 

Sig.  151 . ! . do . 


Pressure 
(pounds 
per  square 
inch). 

Deflection 

(inches). 

8.6 

0.85 

3.2 

.52 

4.8 

.63 

2.5 

.48 

8.2 

.82 

6.4 

.62 

5.5 

.66 

3.3 

.36 

7.1 

.64 

7.4 

1.23 

Remarks. 


1  centimeter  cut  parallel  to  warp;  tear  across  filling. 

5  centimeters  cut  parallel  to  warp;  tear  across  filling. 

1  centimeter  cut  parallel  to  warp;  tear  across  filling. 

5  centimeters  cut  parallel  to  warp;  tear  across  filling. 

2  centimeters  cut  45°  to  warp;  tear  across  filling. 

Do. 

1  centimeter  cut  parallel  to  warp;  tear  across  filling. 

5  centimeters  cut  parallel  to  warp ;  tear  across  filling;  English 
cotton  (Wilding  Bros.). 

1  centimeter  cut  parallel  to  warp;  tear  across  filling;  English 
cotton  (Fountain  116H). 

1  centimeter  cut  parallel  to  warp;  tear  across  filling. 


All  fabric  putonuadertensionof0.45pounds  per  inch  or  SOgrams  per  centimeterand  doped  with4coats  Maas  1739C  nitrate  dope. 
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DISCUSSION  OF  GROUP  G. 

Fabrics  of  group  (G)  were  designed  from  a  consideration  of  the  distribution  of  stress  as 
derived  from  the  bursting  test.  These  are  more  or  less  extreme  in  their  construction,  but  it 
is  believed  that  they  are  subject  to  satisfactory  development,  as  will  be  noted  from  a  consider¬ 
ation  of  the  bursting  pressures  and  the  weights.  The  yarns  are  all  unmercerized;  and,  as  a 
result,  the  filling  stretch  is  greater  than  is  desired,  and  much  more  of  the  load  is  carried  by 
the  warp  yarns  than  would  be  if  the  filling  yarns  were  mercerized.  The  warp  yarns  gave  way 
first  near  the  short  edge  of  the  frame  where  the  curvature  in  the  direction  of  the  warp  is  a 
finite  value.  The  filling  gave  way  immediately  after  the  warp,  and  in  many  cases  it  was  ex¬ 
tremely  difficult  to  determine  which  actually  did  give  way  first. 

The  fabric  110C,  because  of  the  availability  of  mercerized  2/60  yarn,  was  made  up  in  the 
plain  and  2x2  filling  with  lxl  warp.  These  results  are  given  at  the  end  of  the  table. 

It  is  not  intended  that  these  fabrics  are  the  ultimate  ones  to  be  desired,  but  it  is  of  interest 
to  note  that  there  is  a  great  possibility  of  developing  fabrics  which  have  the  balance  of  the 
weight  in  the  direction  of  the  greater  stresses. 


Group  G. 


Mark. 

Weight 
(square 
yard),  G. 

Thread  count. 

Yarn  number. 

Bursting  pres¬ 
sure. 

Yarn  broken 
first. 

W. 

F. 

W. 

F. 

P. 

D. 

110A . 

3.76 

88 

70 

1/58 

2/40 

24.8 

0.89 

Warp. 

HOB . 

3.54 

88 

80 

1/58 

2/50 

26.8 

1.60 

Do. 

HOC . 

3.38 

88 

90 

1/58 

2/60 

22.8 

1.60 

Do. 

Ill  A . 

4.56 

80 

80 

1/40 

2/40 

29.6 

1.82 

Do. 

111B . 

4.27 

80 

90 

1/40 

2/50 

22.8 

1.90 

Do. 

me . 

4.07 

80 

100 

1/40 

2/60 

16.0 

1.36 

Do. 

112. . . . . 

2.90 

70 

90 

1/80 

2/60 

16.3 

1.30 

Do. 

265  P . 

3.90 

88 

92 

1/60 

2/60 

24.6 

1.31 

Filling.* 

265B . 

3.70 

88 

92 

1/60 

2/60 

22.4 

1.12 

Do.* 

*  Mercerized. 

The  filling  yarns  of  265P  and  265B  are  mercerized,  and  more  comprehensive  tear  tests  are  given  under  the 
discussion  of  tear. 


DEPARTMENT  OF  AGRICULTURE  TESTS  ON  COTTON  FIBRE  FOR  AIRPLANE  FABRICS. 

Group  H. 


j  Weight 
i  (ounces 
Weave.  per 

:  square 
|  yard). 

Thread  count. 

Tensile  strength 
(pounds). 

Yarn  sizing. 

Yarn  breakage. 

W. 

F. 

W. 

F. 

80’s. 

3/80’s, 

gray. 

3/80’s, 

mercer¬ 

ized. 

80’s. 

3/80’s, 

gray. 

3/80’s, 

mercer¬ 

ized. 

Fancy  pima  Arizona  Egyp¬ 
tian. 

Sakel  S.  K.  L . 

Sakel  F.  V.  S . 

Sea  Island . 

Plain .  3. 9 

...do .  4.00 

1 

68 

68 

68 

68 

70 

70 

70 

70 

81 

88 

83.5 

78.5 

86.5 

91.5 

87.5 
88 

79.3 

75.0 

75.4 
76.7 

26.24 

25.81 
26.14 
25.  62 

26.27 

25.98 
26.32 
25. 52 

28.2 

30.6 

28.3 

27.8 

142.4 

153.1 
144.7 

146.2 

138.1 

163.5 
148.0 
140.  9 

Weave. 

Weight 

(ounces 

per 

square 

yard). 

Thread  count. 

Tensile  strength 
(pounds). 

Yam  sizing. 

Yam  breakage. 

w. 

F. 

W. 

F. 

60’s. 

2/60’s, 

gray. 

2/60’s, 

mercer¬ 

ized. 

60’s. 

2/60’s, 

gray. 

2/60’s, 

mercer¬ 

ized. 

Fancy  pima  Arizona  Egyp¬ 
tian. 

Sakel  S.  K.  L . 

Sakel  F.  V.  S . 

Sea  Island . 

West  India . 

Plain . 

...  do. ..... . 

4.23 

4. 15 
4. 22 
4. 00 
3.80 

80 

80 

80 

80 

82 

80 

80 

80 

80 

82 

88 

98 

91.5 

86.5 
93 

88.5 

98.5 
98.5 
92 

94 

56.8 

55.4 

55.9 
56.2 

28.92 

28. 93 
28.70 
28.62 

28.79 

29.04 
28.  81 
28.32 

47.9 

49.5 

46.2 

49.0 

118.5 

131.1 
124.8 
118.  5 

126.3 

141.6 

136.7 
125.1 

1 
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SUMMARY. 

The  cotton  2/60's  fabric  made  of  mercerized  yam  is  equal  to  or  better  than  the  standard 
linen.  It  has  the  best  combination  of  desirable  properties  which  may  be  obtained  for  use 
directly  from  the  loom,  with  the  possible  exception  of  the  heavy  filling  fabrics. 

The  possibilities  of  finishing  fabrics  open  up  many  interesting  possibilities.  The  factors 
influencing  the  variable,  and  the  control  of  the  variables,  should  be  thoroughly  studied  to 
insure  uniformity  of  output. 

The  burst  test  gives  values  which  are  more  nearly  correct  than  tensile  tests,  by  introducing 
the  element  of  lateral  constraint.  The  value  obtained  from  the  burst  test  serves  as  a  basis  for 
calculation  of  probable  performance  of  wing  fabrics  with  reference  to  pressure,  wing  deflection, 
and  rib  spacings. 

The  tear  tests  on  undoped  fabrics  are  of  little  value  in  the  study  of  airplane  wing  coverings 

The  rip  tear  test  made  on  a  doped  panel  gives  more  nearly  correct  results  than  those  made 
on  a  detached  piece  of  doped  fabric.  The  results  may  be  reversed  and  are  always  exaggerated 
in  the  case  of  the  loose  fabric. 

Any  tear  test  on  a  doped  fabric  is  a  function  of  the  effective  yarn  strength,  the  number 
stressed  in  tear,  and  the  load-stretch  relations  of  the  material. 

The  pressure  of  rupture,  either  in  the  case  of  the  wound  test  or  bursting  test,  is  a  more 
correct  indication  of  relative  factors  of  safety  than  the  results  of  a  tensile  test. 

At  the  present  time  it  is  not  possible  to  arrange  the  variables  of  manufacture  in  an  equation 
so  as  to  calculate  mathematically  the  performance  of  a  hypothetical  fabric. 

The  field  for  further  research  is  very  wide. 
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FABRIC  FASTENINGS. 

By  E.  D.  Walen  and  R.  T.  Fisheh. 


The  study  of  aeronautical  fabrics  has  naturally  led  to  a  consideration  of  the  best  methods 
of  attaching  and  fastening  together  such  materials.  The  following  group  of  experiments  does 
not  completely  cover  this  subject,  but  it  is  believed  that  the  results  are  of  practical  value  and 
that  they  may  serve  to  indicate  further  lines  of  research  into  the  stress  distribution  in  built-up 
fabrics. 

METHODS  OF  FASTENING  WING  FABRICS. 

The  supposed  failure  of  the  fabrics  on  the  Bristol  and  De  Haviland  planes  necessitated  an 
investigation  of  stresses  in  the  fabric  during  flight.  The  result  proved  conclusively  that  the 
failures  were  not  what  might  properly  be  called  fabric  failures,  but  were  caused  by  the  lacing 
cords  pulling  through  the  upper  fabric  and  by  the  failure  of  the  lacing  cords  due  to  chafing. 

The  method  of  attaching  the  upper  fabric  to  the  wing  employed  at  that  time  would  appear 
to  be  very  poor  engineering.  The  total  load  on  an  area  of  fabric  defined  by  the  distance  between 
lacings  and  the  width  of  a  bay  concentrated  on  a  very  small  area  of  fabric  defined  by  the  bearing 
surface  of  the  lacing  cord.  The  fabric,  considering  it  to  be  supported  along  the  rib,  has  a  factor 
of  safety  of  from  9  to  10.  Obviously,  the  factor  of  safety  at  the  lacing  points  is  extremely 
low  and  conditions  of  abnormal  flight  might  readily  tear  the  fabric  at  these  places  of  support. 
This  condition  was  exaggerated  by  high  vibratory  stresses.  Test  specimens  from  the  wing 
fabric  of  the  planes  that  failed  showed  that  the  fabric  itself  had  not  weakened  nor  did  it  show 
any  measurable  indications  of  change  in  properties. 

The  Bureau  of  Standards  suggested  that  a  corded  tape  be  put  on  the  surface  of  the  fabric 
along  the  rib  and  that  it  be  so  doped  that  a  good  bond  would  exist  between  the  fabric  and  the 
tape.  The  lacings  should  then  be  placed  over  the  cord  tape  at  intervals  of  not  more  than  4 
inches.  The  wind  friction  tape  should  then  be  placed  on.  This  method  of  reinforcing  has  since 
been  tried  out  in  service  tests  and  found  to  eliminate  the  trouble. 

The  structure  of  the  reinforcing  tape  finally  decided  upon  was: 


Weight  per  linear  yard . 

Total  warp  ends . 

Filling  threads . 

Every  other  filling  thread  allowed  to  loop  about  J  inch  from 

edge  warp  yarns. 

Yarn  number,  warp . 

Yarn  number,  filling .  i«/9 

Tensile  strength  of  warp . 

It  may  readily  be  observed  that  the  advantages  of  this  tape  are: 

1.  It  presents  a  suitable  bearing  surface  for  the  lacing  cords,  preventing  them  from  tearing 
through  due  to  tension  stresses. 
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2.  It  has  less  stretch  than  the  fabric  and  hence  carries  practically  all  of  the  load  along  the 
rib  direction  and  transmits  it  to  the  lacings,  thus  preserving  the  factor  of  safety  of  the  fabric 

The  resistance  to  the  cord  pulling  out  when  the  fabric  was  placed  on  the  bias  and  whei 
placed  on  straight  was  determined  as  follows: 

The  standard  grade  A  cotton  and  grade  A  linen  as  used  by  the  Signal  Corps  were  stretched 
on  frames  under  constant  tension  and  coated  with  two  coats  of  an  approved  acetate  dope. 
Regulation  linen  lacing  cords  were  placed  in  the  fabric  at  an  angle  of  approximately  45°  to  the 
warp  with  the  two  ends  projecting  from  one  side  with  £  inch  on  centers  of  the  cords.  Two 
additional  coats  of  dope  were  then  applied. 

The  same  fabrics  were  prepared  similarly  with  the  exception  that  the  material  was  rein¬ 
forced  by  strips  of  the  same  fabrics  placed  on  the  stretched  fabrics  before  putting  in  the  lacing 
cords. 

The  specimens  were  placed  in  the  jaws  of  the  testing  machine  and  tension  necessary  to 
pull  the  cords  through  the  fabric  was  noted. 


Sample. 

Not  rein¬ 
forced,  cord 
45°  angle  to 
warp. 

Reinforced, 
cord  45° 
angle  to 
•  warp. 

Cord  across— 

Reinforced,  cord 
across. 

Warp. 

Filling. 

Warp. 

Filling. 

Standard  A  cotton . . 

22.1 

33.65 

23 

19 

23 

28 

Standard  A  linen . 

24.5 

35.1 

21 

20 

30 

26 

It  will  be  noted  that  there  is  very  little  difference  between  the  resistance  of  the  fabric  to 
the  pulling  out  of  the  cords  whether  they  are  placed  on  the  bias  or  not.  The  warp  of  these 
fabrics  has  practically  twice  the  stretch  of  the  filling,  and  there  is  very  little  difference  between 
the  strength  of  the  warp  and  filling  yarns.  As  a  result,  it  is  logical  to  expect  that  the  warp 
yarns  were  carrying  very  little  of  the  load  at  the  time  the  filling  yarn  ruptured  when  the  cord 
is  placed  on  the  bias.  Considering  this,  there  can  be  no  object  in  placing  the  present  fabric 
on  the  bias,  from  the  consideration  of  either  the  lacings  or  the  fabric  between  the  wings. 

LACING  CORDS. 

Experiments  were  made  to  determine  the  strength  of  lacing  cords  and  whether  or  not 
cotton  cords  could  be  substituted  for  the  linen  cords.  Hence,  the  properties  of  a  lacing  cord 
which  are  of  interest  are: 

1.  Tensile  strength. 

2.  Resistance  to  abrasion. 

3.  Resistance  to  repeated  stresses. 

An  examination  of  the  stresses  causing  rupture  of  a  lacing  cord  under  flight  conditions 
will  lead  to  the  conclusion  that  a  cord  fails  because  it  is  weakened  by  rubbing  against  the  rib 
and  because  it  is  subjected  to  rapid  vibratory  stresses. 


TABLE  A. 


Tensile  strength. 

Abrasion  (fray). 

Tension  (fray). 

Unwaxed. 

Waxed. 

Un  waxed. 

Waxed. 

Unwaxed. 

Waxed. 

Linen,  8030, 6-cord . . 

22.0 

3,000  x2 
4,000  x2 
5,500  x2 
9,000  x2 
4,000  x2 

10,000  x2 
8,000  x2 

275 

860 

Linen’,  8031^  9-cord . 

26.3 

26.5 

590 

2,000 

Linen \  8031^  9-cord . 

22.7 

22.6 

9,000  x2 

430 

1,300 

Cotton,  20/3/4/3 . 

21.2 

21.6 

10,000  x2 

1,660 

2,950 

Cotton,  20/3/3/3. . . . . . . . . 

20.3 

19.3 

9,000  x2 

1,100 

2,700 

167080— S.  Doc.  307, 65-3 - 26 
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Results  given  in  Table  A  were  obtained  from  tests  to  determine  the  relative  resistance  of 
the  cords  to  stresses  occurring  during  flight  conditions. 

Tensile  strength. — The  tensile  strength  of  the  linen  and  cotton  lacing  cords  are  given  in 
the  table.  Owing  to  the  fact  that  the  quantity  of  linen  cord  was  very  much  limited,  it  was 
impossible  to  make  as  large  a  number  of  tests  with  each  cord  as  was  desirable. 

The  tensile  strength  was  determined  by  breaking  a  single  strand. 

The  effect  of  waxing  is  practically  negligible  so  far  as  these  tensile  strength  tests  indicate, 
for  no  consistent  difference  in  the  strength  of  waxed  and  unwaxed  cords  was  observable.  This, 
however,  is  about  what  we  would  expect. 

The  strength  of  a  cord  impregnated  with  paraffin  is  somewhat  less.  Ordinary  beeswax 
was  used  in  the  tests. 

Abrasion  (fray). — This  fraying  test  was  made  by  allowing  the  cord  under  test  to  rub  upon 
a  spruce  wood  surface,  the  line  of  the  thread  being  perpendicular  to  the  grain  of  the  wood. 

A  spool  of  spruce  was  mounted  on  an  axis  (parallel  to  grain).  The  cord  was  fastened 
at  one  end  and  brought  over  the  spool,  carrying  a  5-pound  weight  at  the  other  end.  The  spool 
oscillates  through  approximately  90°  at  200  revolutions  per  minute.  Tnis  means  that  the 
string  is  rubbed  200  times  per  minute  in  each  direction  of  its  length  or  400  rubs  in  all.  The 
operation  was  continued  in  each  case  until  the  cord  broke.  The  number  of  rubs  before  breaking 
is  recorded  in  data. 

Waxing  greatly  improves  resistance  to  abrasion  in  both  linen  and  cotton  cords.  The 
waxing  effect  is  greater  in  the  linen  than  in  the  cotton  cords. 

Sources  of  error. — 

Uneven  wearing  of  the  spruce  surface. 

Heat  produced,  due  to  friction. 

Difference  in  twist  in  the  linen  cords. 

Tension  (fray). — An  apparatus  was  improvised  to  apply  a  force  to  the  cord  Gongitudinally) 
at  regularly  repeated  intervals.  The  force  used  was  approximately  25  pounds  and  gave  the 
cord  a  jerk' 200  per  minute.  This  causes  the  fibers  to  suddenly  draw  close  together,  as  the  load 
is  applied,  then  to  spring  apart  as  the  load  is  removed.  The  friction  thus  produced  results  in  a 
wearing  of  the  individual  fibers  until  finally  a  break  occurs. 

If  this  alternate  separation  and  drawing  together  is  prevented  or  diminished,  as  is  the  case 
when  the  cord  is  waxed,  the  wearing  due  to  friction  is  much  reduced  and  the  cord  does  not  break 
so  soon.  The  data  gives  the  total  number  of  jerks  before  the  break  occurs. 

Here  waxing  seems  to  add  to  the  life  of  the  cord,  the  effect  being  more  marked  with  the 
linen  than  with  the  cotton  cords. 

All  these  experiments  and  accompanying  data  serve  merely  as  comparative  tests. 

SUMMARY. 

From  these  tests  it  may  be  concluded  that — 

1.  The  unwaxed  cotton  cords  are  materially  better  resistors  of  abrasion  fray  than  the 
unwaxed  linen. 

2.  The  waxen  linen  and  cotton  have  practically  the  same  resistance  to  abrasion  fray. 

3.  The  waxed  or  unwaxed  cotton  cords  are  materially  better  than  the  waxed  or  unwaxed 
linen  as  a  resistor  of  tension  fray. 

FASTENING  OF  TRAILING  EDGE. 

The  sewing  together  of  the  fabric  at  the  trailing  edge  of  a  wing  appeared  to  be  a  laborious 
and  expensive  operation,  and  from  preliminary  tests  made  at  the  factories  under  flight  con¬ 
ditions  it  appeared  that  lapped  and  pasted  fastening  was  satisfactory.  The  following  tests 
were  made  to  determine  the  efficiency  of  the  pasted  lap  and  the  sewed  trailing  edge  seam. 
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A  sample  of  fabric  doped  and  painted  taken  from  trailing  edge  of  plane  was  tested  by 
passing  the  fabric  around  a  -^-inck  rod  and  clamping  the  two  ends  in  the  pulling  clamps  of  the 
testing  machine.  The  middle  of  the  pasted  joint  was  directly  over  the  rod.  The  speed  of 
testing  was  6  inches  per  minute.  The  specimens  were  \  inch  wide. 

The  tensile  strength  of  the  doped  fabric  was  247  pounds  per  1£  inches. 

The  pasted  joint  of  the  pasted  seam  gave  way. 

Further  tests  in  the  same  manner  were  conducted  on  grade  A  cotton  and  grade  A  linen. 
Samples  were  prepared  in  the  following  manner  for  both  grades. 

1.  Samples  were  folded  back,  butted  against  each  other,  and  sewed  with  a  “baseball” 
stitch  of  linen  thread  approximately  30  lea.  The  stitches  were  I  inch  apart.  These  were  made 
over  a  false  trailing  edge  and  doped  with  two  coats  of  dope.  The  frayed  surface  tape  was  put 
on  with  the  third  coat  and  later  a  fourth  coat  added.  The  warp  of  the  fabric  was  perpendicular 
to  trailing  edge. 

2.  Samples  were  prepared  by  lapping  the  fabric  over  a  false  trailing  edge  with  1  inch  ± 
overlap.  This  was  pasted  with  the  first  coat  of  dope.  The  surface  tape  was  put  on  with  the 
third  coat  and  a  fourth  added.  The  warp  of  the  fabric  was  perpendicular  to  trailing  edge. 

3.  The  surface  tape  was  prepared  by  cutting  the  material  2\  inches  wide  and  raveling 
\  inch  on  each  side.  Tape  with  the  warp  parallel  to  its  length  and  with  filling  parallel  to  its 
length  was  prepared.  The  usual  method  with  the  warp  parallel  to  its  length  is  put  on  the 
trailing  edge  such  that  the  filling  of  the  tape  is  parallel  to  the  warp  of  the  wing  fabric.  The 
filling  tape  has  the  warp  parallel  to  the  warp  of  the  wing  fabric. 


Sample  designation. 

Tensile  strength 
(pounds  per  1£  inches). 

Remarks. 

Sewed. 

Pasted. 

Sewed. 

Pasted. 

LINEN. 

306 

193 

293 

F. 

S. 

F. 

167 

281 

250 

S. 

F. 

F. 

COTTON. 

146 

233 

S. 

F. 

F— Fabric  gave  way. 

S=>  Stitching  or  sticking  gave  way. 


In  view  of  the  fact  that  the  strength  of  the  pasted  joint  is  much  lower  than  the  strength 
of  the  sewed  joint,  it  is  concluded  that  this  method  of  fastening  is  not  good.  This  difference 
would  probably  be  emphasized  if  the  dope  deteriorated.  In  the  case  of  the  pasted  seam  the 
number  of  tacks  left  in  would  proportionately  increase  its  resistance  to  approximately  equal 
the  strength  of  the  sewed  seam  with  a  number  of  tacks  equal  to  the  number  of  stitches. 

For  training  planes,  which  are  painted  with  light  protecting  medium  and  in  which  the 
stresses  of  flight  are  low,  the  pasted  method  would  be  satisfactory. 

The  effect  of  the  properties  of  the  surface  tape  as  influencing  the  strength  of  the  joint  is 
interesting.  In  the  case  of  the  pasted  joint,  a  tape  the  warp  of  which  is  parallel  to  the  warp  of 
the  wing  fabric  materially  reduces  the  shearing  action  on  the  dope  paste  between  the  tape  and 
the  fabric  and  consequently  increases  the  strength  of  the  joint. 

In  the  case  of  the  sewed  seam,  a  tape  the  warp  of  which  is  parallel  to  the  warp  of  the  wing 
covering  reduces  the  strength  of  the  joint.  This  is  probably  due  to  the  fact  that  more  of  the 
load  is  carried  by  the  stitchings,  due  to  the  excessive  stretch  of  the  warp  of  the  tape  at  any 
load  as  compared  to  the  stretch  of  the  filling. 
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SUMMARY. 

For  a  sewed  joint,  at  the  trailing  edge,  of  straightaway  fabrics,  the  warp  of  the  tape  should 
be  parallel  to  trailing  edge. 

For  a  pasted  joint,  of  similar  use,  the  idling  of  the  tape  should  be  parallel  to  trailing  edge 
to  obtain  the  best  results. 

The  above  assumes  that 
the  warp  of  the  tape  has 
much  more  stretch  than  the 
filling. 

From  this  it  might  be  as¬ 
sumed  that  a  bias  joint  should 
be  covered  with  a  bias  surface 
tape. 


AIRPLANE  FABRIC  SEAMS. 

In  covering  the  wings  of 
a  plane,  it  is  necessary  to  sew 
several  widths  of  the  fabric 
together  to  obtain  the  required 
width.  The  seams  having  less 
stretch  than  the  fabric  will 
under  certain  conditions  of 
stress  carry  the  major  por¬ 
tion  of  the  load  and  conse¬ 
quently  must  be  proportion¬ 
ately  stronger. 

The  three  important  fac¬ 
tors  to  be  considered  in  deter¬ 
mining  the  strongest  type  of 
seam  applicable  for  this  pur¬ 
pose  are,  first,  the  method  of 
overlapping  the  edges  of  the 
cloth;  second,  the  strength  of 
the  sewing  thread  ;  and  third, 
the  number  of  stitches  per 
inch. 

With  the  available  sewing 
machines  there  are  six  ways 
in  which  the  cloth  may  be  overlapped,  which  are  shown  in  figure  1. 

The  tensile  strength  of  the  seam  was  determined  by  means  of  an  inclination  balance  type 
of  testing  machine.  The  seam  was  approximately  midway  between  the  clamps  and  perpendicu¬ 
lar  to  the  line  of  stress.  Clamps  were  1  inch  wide  and  the  distance  between  clamps  was  1  inch 
The  rate  of  separation  of  the  clamps  was  12  inches  per  minute. 
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The  following  table  shows  the  strength  of  the  six  types  of  seams  in  both  the  undoped  and 
doped  state. 

Tensile  strength,  in  pounds. 

UNDOPED. 


[Scam  designation.] 


A. 

B. 

c. 

1 . 

84  S 

81  F 

79  S 

2 . 

81  S 

77  F 

79  F 

3 . 

79  F 

79  F 

78  F  j 

4 . 

72  F 

74  F 

78  s  ; 

5 . 

87  F 

78  F 

77  S 

6 . 

67  F 

72  F 

75  F 

DOTED. 


1 . 

106  S 

120  F 

93  F 

2 . 

111  S 

118  F 

94  F 

3 . 

114  S 

116  F 

107  F+S 

4 . 

104  S 

114  F 

101  S 

5 . 

111  S 

118  F 

104  S 

6 . 

97  S 

116  F 

106  S 

F— Fabric  failed. 

S=Stitches  failed. 

Seam  A  was  sewed  with  “A”  white  silk,  16,000  yards  per  pound  and  having  a  tensile 
strength  of  3  pounds  per  single  strand. 

Seam  B  was  sewed  with  "B”  white  silk,  10,000  yards  per  pound  and  having  a  tensile 
strength  of  5  pounds  per  single  strand. 

Seam  C  was  sewed  with  No.  30,  O.  N.  T.  cotton  having  a  tensile  strength  of  3.5  pounds. 

The  seams  were  sewed  with  two  parallel  lines  of  stitches  3T  inch  apart  and  with  10  stitches 
per  inch. 

The  comparative  strength  of  the  seams  made  with  different  numbers  of  stitches  per  inch 
was  determined  as  in  the  previous  case. 

The  following  table  shows  the  strength  of  the  seam  with  five  different  lengths  of  stitches: 


Fabric. 

6  stitches. 

8  stitches. 

10  stitches. 

12  stitches. 

15  stitches. 

68 

76 

75 

78 

74 

77 

93 

97 

102 

95 

SUMMARY. 

An  examination  of  the  structure  of  the  seams  shows  that  the  number  of  threads  stressed 
is  independent  of  the  method  of  lapping  the  fabric,  from  this  anti  the  test  zesults,  it  is  con¬ 
cluded  that  any  one  of  the  six-seam  designs  is  equally  strong. 

The  seam  No.  4  made  up  in  the  two  successive  steps,  as  shown  under  7,  appears  to  be  the 

most  satisfactory. 

The  seam  has  the  advantage  of  being  easily  and  uniformly  made,  is  strong,  and  presents 
an  edge  to  be  doped  which  will  not  curl. 

Ten  stitches  per  inch  using  the  threads  experimented  with  is  the  most  satisfactory  number. 

REINFORCED  BALLOON  CLOTH. 

Many  attempts  have  been  made  to  strengthen  and  increase  the  tearing  resistance  of 
balloon  cloth  by  means  of  reinforcing.  The  most  common  method  has  been  to  introduce  a 
heavy  warp  and  filling  end  about  an  inch  apart  having  a  much  higher  strength  than  the  sur¬ 
rounding  yarn.  A  tear  starting  between  the  reinforcings  would  supposedly  tear  to  the  nearest 
reinforcing  in  line  of  the  tear  and  stop.  This  method  was  not  satisfactory,  due  to  the  uneven 
surface  taking  up  an  uneven  coating  of  rubber  when  the  gas  film  was  applied. 
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Another  method  which  has  met  with  some  success  has  been  to  sew  reinforcing  tape  on  the 
surface  of  the  fabric  parallel  to  the  warp  and  filling  so  that  squares  of  about  8  inches  were 
formed. 

To  determine  the  strongest  type  of  reinforcing  tape  the  following  tests  were  made: 

This  method  may  be  considered  as  an  attempt  to  approximate  a  shock  tear.  The  cloth 
was  stretched  on  a  light,  wooden,  rectangular  frame  under  enough  tension  to  take  out  the 
wrinkles  and  was  suspended  from  a  spring  balance.  A  square  2  inches  on  a  side  was  marked 
near  the  top  of  the  frame.  Three  sides  of  the  square  were  cut  and  the  piece  allowed  to  hang 
down.  A  50-pound  weight  was  attached  to  the  hanging  strip  and  the  fabric  caused  to  tear 
by  reason  of  the  weight  dropping.  The  force  transmitted  by  the  tearing  fabric,  as  shown  by 
the  deflection  of  the  spring  balance,  was  plotted  autographically  against  the  motion  of  the 
falling  weight. 

The  warp  was  in  the  perpendicular  or  horizontal  position,  depending  upon  which  system 
of  threads  was  being  torn.  The  cut  strip  was  allowed  to  hang  down  on  the  seam  side  of  the 
fabric  and  over  the  side  of  the  fabric  having  no  seam. 

The  second  method  was  a  modification  of  the  first,  in  that  the  same  procedure  was  followed 
with  the  exception  that  the  tearing  was  induced  by  placing  the  material  between  the  clamps 
of  the  conventional  type  for  tensile  strength  testing.  The  lower  clamp  moved  at  the  rate  of  5 
inches  per  minute. 

This  method  is  believed  to  be  more  nearly  indicative  of  the  actual  performance  of  the 
fabric. 

The  fabric  was  clamped  in  the  circular  container  30  centimeters  in  diameter  with  the 
fabric  free  to  deflect  by  reason  of  applied  air  pressure. 

The  material  was  stressed  to  very  nearly  its  bursting  pressure  and  a  cut  made  at  the  center 
point,  which  started  a  tear.  The  directions  and  lengths  of  the  tears  were  noted. 

Kinds  of  reinforcing  tested  were: 

Sample  A. — Straight  seam  (tape),  parallel  to  warp  and  filling. 

Sample  B. — Bias  tape,  parallel  to  warp  and  filling. 

Sample  C. — Straight  tape,  bias  to  warp  and  filling. 

Sample  D. — Bias  tape,  bias  to  warp  and  filling. 

Results  of  tests. — When  the  cut  strip  was  allowed  to  hang  over  the  side  of  the  fabric  having 
no  tape  (seam)  and  the  fabric  torn  according  to  methods  one  and  two,  the  effect  of  the  tape 
or  seam  was  not  noticeable. 

In  the  case  of  allowing  the  cut  strip  to  hang  down  over  the  seam  and  tearing  according  to 
the  first  method,  the  fabric  tore  to  the  tape  and  then  followed  the  stitching  of  the  tape  until 
the  strip  tore  off. 

Sample  A. — The  tear  started  in  the  direction  of  filling  and  across  the  warp  ends,  tore  down 
to  the  reinforcing  tape,  broke  the  stitches  holding  the  tape  and  continued.  The  tear  across 
the  filling  ends  acted  in  the  same  manner. 

Sample  B. — The  tear  across  the  warp  ends  tore  to  reinforcing  tape  and  then  followed  the 
tape  until  the  strip  tore  off.  The  tear  across  the  filling  ends  tore  to  the  tape  reinforcing,  broke 
the  stitches  and  then  continued. 

Sample  C. — The  tear  across  both  warp  and  filling  ends  tore  to  the  tape,  broke  the  stitches 
and  continued. 

Sample  D. — The  tear  across  both  warp  and  filling  ends  tore  to  the  reinforcing  tape  then 
followed  the  stitches  until  the  strip  tore  off. 

The  sample  B  with  bias  reinforcing  tape  sewed  parallel  to  warp  and  filling  gave  the  best 
results  as  the  load  required  to  tear  the  strip  off  at  the  reinforcing  was  slightly  greater  than  in 
any  of  the  other  methods  of  reinforcing. 

The  results  of  tearing  by  these  methods  are  as  follows: 

Sample  A. — Tear  ran  through  seam. 

Sample  B. — Tear  stopped  at  tape  (seam). 

Sample  C, — Tear  ran  under  seam  when  intersection  of  two  seams  were  at  center  of  clamped 
fabric. 
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The  tear  followed  the  seam  when  the  intersection  of  two  seams  was  off  center. 

Sample  D. — Tear  ran  under  seams. 

From  the  above  experiments  it  may  be  assumed  that  the  method  illustrated  in  Sample  B 
(bias  tape  parallel  to  warp  and  filling)  is  the  most  efficient. 

BALLOON  FABRIC  SEAMS. 

The  Bureau  of  Standards,  in  cooperation  with  the  joint  Army  and  Navy  Aircraft  Board, 
have  been  experimenting  with  various  methods  of  making  seams  in  the  envelopes  of  balloons, 
the  desired  object  being  a  seam  having  the  necessary  strength  and  gas  tightness  and  having 
the  minimum  weight.  This  report  deals  with  the  strength  of  the  seams. 

The  samples  tested  were  made  by  the  B.  F.  Goodrich  Co.,  and  the  Goodyear  Tire  &  Rubber 
Co.,  each  company  furnishing— 

Samples  of  finished  fabric  without  seams. 

Samples  of  seams  stitched  and  cemented,  but  not  taped. 

Samples  of  seams  cemented  and  taped  but  not  stitched. 

Samples  of  seams  cemented,  taped,  and  stitched. 

The  samples  submitted  were  two-ply  fabric,  one  ply  biased  at  approximately  45°  to  the 

other. 

The  fabrics  were  overlapped  §  inch  in  all  cases,  and  when  sewed  had  two  parallel  lines  of 
stitches  approximately  I  inch  apart. 

The  Goodrich  seams  were  sewed  with  silk  sewing  thread,  five  stitches  to  the  inch,  on  a 
lock-stitch  machine.  The  tape  used  to  cover  one  side  of  the  seam  was  straight  and  2  inches 
wide.  The  tape  used  to  cover  the  reverse  side  of  the  seam  was  straight  and  U  inches  wide. 

The  Goodyear  seams  were  sewed  with  cotton  sewing  thread,  seven  stitches  to  the  inch, 
on  a  chain-stitch  machine.  The  tape  used  to  cover  both  sides  of  the  seam  were  bias  and  If 
inches  wide. 

Method  of  test — 

1.  Samples  of  each  fabric  and  the  several  different  seams  were  tested  and  determinations 
of  the  bursting  properties  were  made. 

2.  Strips  of  the  plain  fabric  2  by  6  inches  were  cut  parallel  to  the  warp  and  filling  of  each 
ply  of  cloth  and  the  tensile  strength  determined. 

3.  Strips  with  the  seam  in  the  center  were  cut  3  by  6  inches,  the  long  side  of  the  strip  parallel 
to  the  seam  and  the  tensile  strength  determined. 

4.  Samples  of  the  sewing  thread  were  tested  and  determination  of  the  tensile  strength 

were  made. 

Bursting  test. — The  fabric  was  placed  under  the  annular  ring  of  the  bursting  apparatus 
with  the  center  of  the  seam  coinciding  with  a  diameter  of  the  ring  and  the  fabric  subjected  to  a 
uniformly  increasing  air  pressure.  The  deflection  at  the  central  point  of  the  fabric  oi  seam 
was  plotted  autographically  against  the  pressure  necessary  to  produce  the  deflection.  A  rubber 
diaphram  was  used  under  the  fabric  to  prevent  leakage  of  air. 

Tensile  strength  tests. — The  strips  cut  in  methods  2  and  3  were  placed  in  the  clamps  of  a 
conventional  inclination  balance  type  of  testing  machine  with  3  inches  between  clamps  and 
the  strips  were  caused  to  rupture  by  separating  the  clamps  at  a  rate  of  12  inches  pel  minute. 

The  sewing  thread  was  broken  on  a  conventional  inclination  balance  type  of  testing  machine 
with  6  inches  between  jaws. 

Results  of  tests—  The  results  of  the  determination  of  bursting  tests  are  shown  in  Table  I. 

The  results  of  the  determination  of  tensile  strength  tests  on  the  strips  are  shown  in  Table  II. 

The  results  of  the  determination  of  tensile  strength  tests  on  the  sewing  thread  are  shown 
in  Table  III. 

Value  of  tests. — The  bursting  tests  show  the  behavior  of  the  material  when  it  is  subjected 
to  a  uniformly  distributed  pressure  and  can,  therefore,  be  taken  as  a  laboratory  method  of 
determining  the  behavior  of  the  fabric  or  seam  when  the  material  is  used  in  an  inflated  spherical 
balloon. 
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The  deflection  at  any  pressure  shows  the  degree  of  tautness  of  the  fabric  or  seam  and  the 
pressure  necessary  to  rupture  the  fabric  or  seam  may  be  used  as  a  valuable  index  to  the  factor 
of  safety. 

The  tensile  strength  tests  on  the  fabric  show  the  strength  of  individual  cloths  which  make 
up  the  finished  fabric. 

The  tensile  strength  tests  on  the  seams  show  the  amount  of  stress  necessary  to  rupture 
the  seam. 

Discussion  of  results. — Table  I  shows  the  average  results  of  the  bursting  tests  on  the  fabrics 
and  seams. 

The  small  size  of  the  Goodyear  plain  fabric  samples  precluded  a  satisfactory  bursting  test 
and  the  result  shown  is  not  believed  to  be  a  fair  measure  of  their  ability  to  resist  pressure.  The 
results  ol  the  bursting  test  would  indicate  that  the  Goodrich  seam  is  stronger  than  the  Goodyear. 
This  may  be  due  to  the  slightly  higher  tensile  strength  of  the  Goodrich  fabric  and  to  the  wider 
tape  used  in  covering  the  Goodrich  seams. 

The  difference  between  the  surface  tension  in  the  seams  which  were  cemented  and  stitched 
and  the  surface  tension  in  the  plain  fabric  would  indicate  that  stitching  had  weakened  the  fabric. 

The  slight  difference  between  the  surface  tension  of  the  cemented  and  taped  seam  and  the 
cemented,  taped,  and  stitched  seam  of  the  Goodyear  fabric  would  indicate  that  the  stitching 
added  very  little  strength  to  the  seam.  A  comparison  of  the  corresponding  data  on  the  Goodrich 
seam  would  indicate  that  the  stitching  added  strength. 

Table  II  gives  the  average  results  of  the  determinations  of  the  tensile  strength  of  the  plain 
fabric  per  inch  width,  the  average  tensile  strength  of  the  seams,  the  weight  in  ounces  per  square 
yard  of  plain  fabric,  and  the  weight  in  ounces  per  linear  yard  of  the  seams. 

A  comparison  of  the  tensile  strengths  of  the  fabrics  shows  the  Goodrich  fabric  to  be  slightly 
stronger  than  the  Goodyear  fabric. 

In  stressing  the  Goodyear  cemented  and  taped  seam,  also  the  cemented,  taped,  and  stitched 
seam,  the  seams  gave  way  at  127  pounds  and  175  pounds,  respectively,  after  which  the  fabric 
on  either  side  of  the  seam  carried  the  load.  The  final  rupture  point  is  shown  in  Table  II. 

It  is  not  thought  that  the  final  rupture  point  should  be  considered  in  comparing  the  results 
of  the  two  makes  of  seams,  as  the  seam  itself  had  ruptured  previous  to  this  point. 

Table  III  shows  the  comparative  tensile  strength  of  the  sewing  threads  used  in  making 
the  seams.  The  thread  used  by  the  Goodrich  Co.  is  stronger  in  all  cases. 

It  is  not  thought  that  the  difference  between  the  use  of  the  lock  stitch  and  the  chain  stitch 
influenced  the  results  to  any  appreciable  extent. 

SUMMARY. 

From  the  results  of  these  tests  it  would  appear  that  the  stitching  of  the  seam  is  not  necessary. 

It  is  evident  that  the  study  of  seams  should  bo  extended  to  include  the  effect  of  turn  of 
load  application,  and  the  flow  of  the  cement. 


Table  I. 


Make-up  of  sample 

Goodyear. 

Goodrich. 

P. 

D 

ST. 

P. 

D. 

ST. 

Plain  fabric . 

6.0 

1.64 

35. 1 

12.7 

1.95 

69.1 

Seam  cemented  and  stitched . 

8.7 

1.57 

.53.1 

13.25 

2.15 

61.0 

Seam  cemented  and  taped . 

10.05 

1.71 

57.4 

15.2 

2.26 

68.6 

Seam  cemented,  taped,  and  stitched . 

9.75 

1.60 

58.4 

15.1 

2.06 

74.5 

P=  Pressure  in  pounds  per  square  inch. 

D  =  Deflection  in  inches  of  the  center  point  of  fabric. 

ST = Surface  tension  in  pounds  per  inch  through  the  center  of  the  fabric  at  time  of  rupture. 
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Table  II. 


Make-up  of  sample. 

Goodyear. 

Goodrich. 

Warp 
(pounds 
per  inch). 

Filling 

(pounds 

per 

inch). 

Strength 
of  seam. 

Weight 

(ounces 

per 

square 

yard). 

Warp 

(pounds 

per 

inch). 

Filling 

(pounds 

per 

inch). 

Strength 
of  seam. 

Weight 

(ounces 

per 

square 

yard). 

11.2 

10.1 

.iO. 3 

52.0 

58 

58.  S 

52. 1 

60.8 

51.3 

56. 1 

130.6 

.49 

150. 6 

.  50 

240.3 

1.42 

177.3 

1.47 

244. 0 

1.45 

181.6 

1.49 

Table  III. 


Number  30. 

Number  50. 

| 

Number  C-9R.J  Number  C-10. 

Number  C-llt. 

3. 31-3.  76 

2. 2-2. 27 

4.34  4.82 

1 

5. 65-5. 70 

REPORT  No.  38 


AIRPLANE  DOPES  AND  DOPING. 

By  W.  H.  Smith. 


HISTORICAL. 

Cellulose  acetate  and  cellulose  nitrate  are  the  important  constituents  of  airplane  dopes 
in  use  at  the  present  time,  but  planes  were  treated  with  other  materials  in  the  experimental 
stages  of  flying.  The  above  compounds  belong  to  the  class  of  colloids  and  are  of  value  because 
they  produce  a  shrinking  action  on  the  fabric  when  drying  out  of  solution,  rendering  it  drum 
tight.  Other  colloids  possessing  the  same  property  have  been  proposed  and  tried.  In  the  first 
stages  of  the  development  of  dope,  however,  shrinkage  was  not  considered.  The  fabric  was 
treated  merely  to  render  it  waterproof. 

The  first  airplanes  constructed  were  covered  with  cotton  fabric  stretched  as  tightly  as 
possible  over  the  wings,  fuselage,  Stc.,  and  flying  was  possible  only  in  fine  weather.  The  necessity 
of  an  airplane  which  would  fly  under  all  weather  conditions  at  once  became  apparent.  Then 
followed  experiments  with  rubberized  fabrics,  fabrics  treated  with  glue  rendered  insoluble  by 
formaldehyde  or  bichromate,  fabrics  treated  with  drying  and  nondrying  oils,  shellac,  casein, 
etc.  It  was  found  that  fabrics  treated  as  above  lost  their  tension  in  damp  weather,  and  the  oil 
from  the  motor  penetrated  the  proofing  material  and  weakened  the  fabric.  For  the  most  part 
the  film  of  material  used  lacked  durability. 

Cellulose  nitrate  lacquers,  however,  were  found  to  bo  more  satisfactory  under  varying 
weather  conditions,  added  less  weight  to  the  planes,  and  were  easily  applied.  On  the  other 
hand,  they  were  highly  inflammable,  and  oil  from  the  motor  penetrated  the  film  of  cellulose 
nitrate,  causing  the  tension  of  the  fabric  to  be  relaxed.  The  film  does  not  possess  the  objection¬ 
able  brittleness  of  glue  or  casein,  and,  in  general,  this  type  of  dope  had  much  in  its  favor. 

About  the  year  1910,  the  Bayer  Co.,  of  Elberfeld,  Germany,  began  to  exploit  a  type  of 
cellulose  acetate  known  as  Cellit  for  use  on  airplanes.  This  material  had  been  used  in  the 
preparation  of  a  noninflammable  celluloid  called  Cellon.  Experiments  were  made  with  thin 
sheets  of  Cellon,  which  were  fastened  to  the  fabric  to  protect  it,  and  this  suggested  the  use  of 
cellulose  acetate  in  solution.  In  1910,  acetate  dopes  were  used  and  found  to  produce  a  satis¬ 
factory  shrinkage,  and  to  be  proof  against  water,  oil,  and  gasoline.  Such  dopes  were  more 
expensive  than  nitrate  dopes,  but  the  noninflammability  of  the  acetate  film  caused  a  slow  but 
general  adoption  of  cellulose  acetate  solutions.  At  the  present  time  such  dopes  are  considered 
the  best  for  use  on  aircraft. 

Dopes  are  also  used  on  balloon  fabric  to  reduce  the  permeability  of  the  fabric  to  gas.  The 
English  Government  uses  Delta  dope  for  this  purpose,  a  nitrate  dope  containing  sufficient  castor 
oil  so  make  it  nonshrinking.  The  Navy  Department  has  used  Delta  dope  on  certain  airships, 
on  which  the  fabr  c  had  become  too  permeable  to  gas,  and  satisfactory  results  were  obtained. 
The  use  of  acetate  dopes  on  balloons  is  receiving  consideration. 

COMPOSITION  OF  DOPES. 

A  dope  consists  of  the  cellulose  ester  dissolved  in  suitable  solvents  to  which  diluents  are 
added,  with  the  addition  of  plastics  and  a  compound  to  neutralize  the  traces  of  acidity  in  the 
solvents,  or  the  acidity  which  may  develop  in  the  film.  The  solvent  contains  a  compound  of 
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high  boiling  point  which  allows  the  cellulose  ester  to  emerge  from  the  solvent  mixture  in  a 
transparent  condition,  free  from  precipitated  cellulose  ester  which  appears  in  the  film  in  streaks 
or  spots.  The  development  of  such  whitened  areas  is  known  as  “blushing.”  It  results  from 
the  application  of  dope  in  a  humid  atmosphere,  or  from  the  rapid  evaporation  of  low-boiling 
solvents  and  diluents,  or  both.  In  the  presence  of  a  high-boiling  solvent,  the  moisture  has  a 
chance  to  evaporate  before  the  film  is  dry,  and  the  cellulose  ester  is  not  precipitated.  The 
amount  of  the  “high  boiler,”  as  it  is  frequently  called,  depends  upon  its  boiling  point.  If  the 
latter  is  high,  less  of  the  compound  is  needed  than  when  it  is  low.  Solvents  with  boiling  points 
between  125°  and  200  C.  are  generally  used  A  high-boiling  diluent  may  be  present  in  nitrate- 
dopes  to  assist  in  the  prevention  of  blushing. 

Diluents  generally  consist  of  mixtures  of  alcohols  and  hydrocaibons,  and  frequently  de¬ 
natured  alcohol  and  benzene  are  used. 

Plastics  are  occasionally  used  in  nitrate  dopes,  but  are  always  present  in  acetate  dopes. 
The  nitrate  film  has  sufficient  inherent  strength  and  elasticity  without  further  modification, 
but  a  small  amount  of  castor  oil  or  camphor  is  sometimes  incorporated  in  it.  Acetyl  cellulose, 
however,  is  inherently  brittle  and  certain  softening  bodies  or  plastics  must  be  added  to  it  in  order 
to  impart  suppleness  and  increase  its  life.  A  plastic  is  frequently  a  solid  of  low  melting  point, 
sometimes  a  liquid  or  a  mixture  of  liquids,  and  generally  a  solvent  of  the  cellulose  ester  with 
which  it  forms  a  solid  solution.  A  small  amount  of  the  ‘  'high  boiler”  is  always  left  in  the  dope 
film,  and  this  also  plasticizes  it.  A  suitable  base  is  generally  present  in  the  film  to  neutralize 
acidity.  The  base  commonly  used  i;  urea. 

CELLULOSE  NITRATE  DOPES. 

Cellulose  nitrate  or  guncotton  is  produced  by  the  nitration  of  cotton  or  some  form  of 
cellulose  approximating  the  degree  of  purity  of  cotton.  For  dopes  a  low  nitrated  cotton  is 
desirable.  It  must  be  stable  in  order  that  no  decomposition  with  development  of  acidity  may 
occur.  The  high  boiler  in  nitrate  dopes  is  generally  amyl  acetate  or  butyl  acetate.  The  former 
is  a  product  of  fusel  oil  and  the  latter  is  prepared  from  butyl  alcohol,  a  by  product  in  the  pro¬ 
duction  of  acetone  by  fermentation.  The  diluent  is  generally  a  mixture  of  denatured  alcohol 
and  benzene,  although  methyl  alcohol,  methyl  acetone,  and  xylol  are  also  employed.  A  low- 
boiling  solvent,  such  as  ethyl  acetate,  may  be  also  present.  The  solvent  and  diluent  com¬ 
bination  used  in  nitrate  dopes  is  influenced  by  the  degree  and  method  of  nitration,  and  therefore 
is  subject  to  considerable  variation. 

CELLULOSE  ACETATE  DOPES. 

The  manufacture  of  cellulose  acetate  is  a  technical  art,  demanding  careful  supervision  and 
control.  Variations  of  a  few  degrees  of  temperature  during  the  process  have  an  adverse  effect 
upon  the  product.  The  correct  preparation  of  the  material  is  known  only  to  a  few  chemists. 
It  is  quite  difficult  to  make  two  batches  of  the  ester  alike,  and  frequently  there  is  trouble  in 
spite  of  efforts  to  keep  the  quality  uniform.  The  material  is  a  white  solid,  its  appearance 
depending  upon  the  method  employed  for  its  precipitation.  A  good  cellulose  acetate  has  an 
asbestos-like  quality  when  rubbed  between  the  fingers. 

At  the  outbreak  of  hostilities  in  this  country,  dopes  were  prepared  from  scrap  acetate 
film.  These  dopes  did  not  give  results  in  service,  which  should  be  expected  of  cellulose  acetate. 
The  film  scrap  was  frequently  old  stock,  and  contained  plastics.  In  the  preparation  of  dope 
it  was  dissolved  in  suitable  solvents  with  the  addition  of  dope  plastics.  On  this  account  the 
dope  film  was  frequently  overloaded  with  softening  agents. 

The  commonest  “high  boiler”  used  in  this  country  in  acetate  dopes  is  diacetone  alcohol, 
a  product  of  acetone  obtained  by  condensation  in  the  presence  of  lime.  In  Germany,  before 
the  war,  ethyl  lactate  was  the  “high  boiler”  in  common  use.  This  substance  has  a  tendency 
to  break  up  into  ethyl  alcohol  and  lactic  acid  unless  certain  compounds  are  added  to  it  to  make 
it  stable.  Methvlethyl  ketone  in  suitable  amount  also  prevents  blushing,  but  not  as  effectively 
as  the  preceding  compounds,  unless  a  considerable  amount  is  present.  In  this  connection  it 
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may  be  pointed  out  that  a  suitable  proportion  of  alcohol  and  benzene,  when  present  in  the  dope, 
removes  much  of  the  moisture  present.  A  certain  mixture  of  alcohol,  benzene,  and  water  has 
a  higher  vapor  pressure  than  any  of  its  constituents,  and  when  this  mixture  results  during 
evaporation  water  is  readily  removed.  Acetone  oils  are  also  used  as  high  boilers,  but  the  com¬ 
position  of  these  oils  varies  greatly;  and,  because  they  may  break  up  with  the  development  of 
acidity  unless  carefully  purified,  they  have  not  found  as  much  favor  as  compounds  of  known 
purity. 

Solvents  are  usually  acetone,  methyl  acetate,  methyl  acetone,  tetrachlorethane,  and  ethyl 
formate.  Acetone  has  not  been  used  during  the  period  of  hostilities  because  it  has  been  needed 
in  the  preparation  of  cordite  and  for  other  purposes.  The  preparation  of  methyl  acetate  involves 
less  consumption  of  acetate  of  lime  than  the  production  of  acetone,  and  hence  has  been  pre¬ 
ferred  because  its  use  conserves  raw  material.  Methyl  acetone  is  a  product  of  the  destructive 
distillation  of  wood.  It  is  largely  a  mixture  of  acetone  and  methyl  alcohol,  and  when  the  latter 
is  acetylated.  water  removed,  and  acid  present  neutralized,  a  good  solvent  results.  The  com¬ 
position  of  methyl  acetone  varies  considerably,  and  sometimes  it  is  necessary  to  increase  its 
solvent  power  by  the  addition  of  methyl  acetate  or  acetone.  Tetrachlorethane  was  formerly  a 
favorite  solvent  in  acetate  dopes.  It  combines  the  functions  of  a  solvent  and  plastic  and 
dissolves  cellulose  acetates  of  a  wide  degree  of  hydration.  However,  its  vapor  has  been  shown 
to  be  about  four  times  as  toxic  as  that  of  chloroform  and  unless  pure  it  decomposes  and  causes 
deterioration  of  the  fabric.  The  vapor  of  the  compound  causes  jaundice,  and  in  England 
several  fatalities  resulted  in  the  application  of  dopes  containing  it.  The  decomposition  of 
tetrachlorethane  can  be  prevented  by  the  use  of  suitable  pigments,  and  the  danger  attending 
its  application  could  be  nullified  if  all  doping  rooms  were  provided  with  adequate  means 
of  ventilation.  Unfortunately,  ideal  conditions  of  ventilation  do  not  exist,  and  one  by  one, 
the  allies  have  all  abandoned  the  use  of  tetrachlorethane  dopes.  France  and  Italy  have  even 
ruled  out  dopes  containing  chlorine  in  any  form. 

Ethyl  formate  has  not  been  used  in  the  United  States  but  is  allowed  by  the  British  Gov¬ 
ernment.  It  is  an  excellent  solvent. 

Diluents  commonly  used  are  denatured  alcohol  and  benzene,  sometimes  methyl  alcohol, 
cither  added  as  such  or  present  in  methyl  acetone.  Cellulose  acetate  dissolves  in  a  mixture  of 
alcohol  and  hydrocarbon  when  warmed  and  is  reprecipitated  in  the  cold,  but  the  solubility 
persists  in  the  presence  of  a  solvent  of  cellulose  acetate  such  as  acetone.  When  the  ratio  of 
hydrocarbon  to  alcohol  is  three  to  one,  an  increased  amount  of  diluent  may  be  used. 

The  plastics  which  have  been  proposed  for  use  in  acetate  dopes  include  many  compounds, 
some  of  which  are  much  superior  to  others.  Benzyl  alcohol  is  used  by  the  British  Government. 
Mixtures  of  eugenol  and  triacetin  have  found  favor  in  France.  In  this  country,  the  commonest 
are  phenyl  salicylate,  which  is  an  excellent  softener,  mixtures  of  benzyl  benzoate  and  benzyl 
acetate,  benzyl  acetate  alone,  and  triacetin.  Triacetin  is  water  soluble,  and  may  decom¬ 
pose  with  the  liberation  of  acetic  acid.  Triphenylphosphate  is  in  universal  use  in  acetate 
dopes.  It  waterproofs  and  fireproofs  the  film,  and  is  an  excellent  softener.  When  used  in 
excess,  however,  triphenylphosphate  softens  in  warm  weather  and  makes  the  acetate  film 
soggy.  Urea  is  used  in  small  amount  to  neutralize  any  free  acid  which  may  be  present. 

DOPE  COVERS. 

The  dope,  as  has  been  previously  mentioned,  protects  the  fabric,  keeping  it  taut,  so  flying 
jS  possible  under  all  weather  conditions.  It  is  also  necessary  to  protect  the  dope  film  by  cover¬ 
ing  it  with  some  suitable  coating  containing  pigments  to  exclude  light  rays.  Either  pigmented 
dopes  or  varnish  enamels  are  used  for  this  purpose.  It  has  been  conclusively  proven  by  Dr. 
Ashton,  attached  to  the  Royal  Aircraft  Factory,  that  the  deterioration  of  dopes  is  practically 
entirely  caused  by  sunlight.  His  results  show  that  the  curve  of  the  intensity  of  sunlight  and 
the  curve  of  deterioration  of  doped  fabrics  are  almost  identical.  It  is  therefore  more  feasible 
to  use  a  pigmented  dope  or  a  pigmented  wood-oil  varnish,  rather  than  clear  dope  or  varnish 
as  a  dope  cover.  Clear  varnish  has  until  recently  been  used  in  this  country  on  Army  planes. 
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The  Navy  has  used  a  gray,  pigmented  varnish  enamel.  Dr.  Ramsbottom,  also  attached  to 
the  Royal  Aircraft  Factory,  has  recently  demonstrated  that  doped  fabrics  covered  with  pig¬ 
mented  dope  retain  their  tautness  longer  than  similar  fabrics  covered  with  an  enamel.  He 
also  demonstrated  that  a  pigmented  dope  retains  its  tautness  best  of  all,  and  that  such  a  dope 
effects  a  considerable  saving  of  cellulose  acetate.  The  English  Government  for  a  long  time  has 
used  a  type  of  pigmented  dope,  khaki  colored  by  iron  pigments  and  lampblack,  which  is  called 
P.  C.  10.  It  is  a  nitrate  dope  containing  the  pigments  and  sufficient  castor  oil  to  reduce  to  a 
minimum  the  shrinkage  ordinarily  effected  by  a  dope.  Reports  from  the  front  indicate  that 
the  use  of  such  a  cover  has  been  attended  by  excellent  retention  of  the  tautness  and  durability 
over  a  long  period,  and  Dr.  RamsbottonPs  suggestion  regarding  pigmented  dopes  therefore 
merits  serious  consideration. 

APPLICATION  OF  DOPES. 

In  the  application  of  dopes  to  fabrics,  it  should  be  remembered  that  the  fabric  does  not 
of  itself  shrink  in  the  sense  that  mercerization  causes  shrinkage.  In  other  words,  there  is 
no  physical  change  occurring  in  the  fabric.  The  dope  film  contracts  when  drying  out  of  solution 
and  diminishes  the  space  between  the  threads,  the  total  effect  of  which  is  slightly  to  reduce 
the  original  area  of  the  fabric.  The  British  Government  at  one  time  used  a  dilute  solu¬ 
tion  of  dope  next  to  the  fabric.  This  was  called  a  scratch  coat.  The  dope  contained  very 
little  softening  agent  and  produced  maximum  shrinkage.  The  scratch  coat,  however,  was 
found  to  reduce  the  tear  resistance  of  the  fabric  and  was,  therefore,  abandoned.  Such  a 
coating  penetrates  the  fabric  very  thoroughly  and  locks  the  fibers  and  threads.  It  is  apparent 
that  the  viscosity  of  the  dope  must  permit  of  some  penetration,  so  that  the  dope  will  not  peel 
off,  but  the  penetration  must  not  be  excessive.  The  amount  of  size  in  the  fabric  to  some  extent 
influences  penetration.  The  first  coat  of  dope  is  well  worked  into  the  fabric  and  subsequent 
coats  are  flowed  over  it,  care  being  taken  not  to  go  over  a  given  area  more  than  once  or  twice, 
or  the  doping  brush  will  drag  on  the  dope  film.  Sufficient  dope  is  applied  to  produce  a  weight 
increase  of  2  to  2.5  ounces  per  square  yard.  The  Army  specifications  require  four  coats  of 
dope  on  all  planes,  and  specify  nitrate  dope  on  training  planes  and  acetate  dope  on  combat 
planes.  Two  coats  of  clear  varnish  or  enamel  are  applied  over  the  dope. 

The  Navy  Department  specifies  two  coats  of  acetate  dope  over  the  fabric,  followed  by  three 
coats  of  nitrate  dope  and  two  coats  of  navy-gray  enamel.  The  inflammable  nitrate  dope  is 
thus  laminated  between  the  relatively  fire-resistant  acetate  dope  and  the  enamel,  the  pigment 
in  which  also  affords  resistance  to  fire.  It  has  been  contended  that  the  use  of  one  type  of 
dope  above  the  other  may  produce  two  films  of  different  physical  properties,  but  to  date  no 
trouble  has  been  experienced  by  the  Navy  in  the  durability  of  dopes  applied  as  above. 

FIREPROOFED  DOPES. 

Inasmuch  as  nitrate  dope  is  comparatively  cheap  and  acetate  dope  expensive,  numer¬ 
ous  attempts  have  been  made  to  reduce  the  inflammability  of  the  nitrate  film.  This  has  been 
attempted  by  fireproofing  the  fabric  or  dope  or  both.  Fireproofing  is  generally  effected  in  one 
of  three  ways — by  encasing  the  material  in  a  coating  of  inert  mineral  salts,  by  using  compounds 
which  decompose  with  the  liberation  of  a  gas  which  checks  combustion,  or  by  incorporating 
an  organic  fireproofing  compound  in  the  dope  film. 

Any  compound  used  for  checking  the  spread  of  combustion  should  not  dissociate  with 
an  acid  or  alkaline  reaction  in  the  presence  of  moisture,  as  acids,  particularly  mineral  acids, 
attack  the  fabric,  and  alkalies  have  a  saponifying  action  on  cellulose  esters  and  certain  plastics. 
A  great  variety  of  fireproofing  solutions  for  fabrics  and  fire-resistant  dopes  have  been  submitted 
to  the  Bureau  of  Standards  for  examination.  The  best  treatment  for  fabrics  has  been  found 
to  be  a  10  per  cent  solution  of  ammonium  phosphate  neutralized  with  ammonia.  This  has  been 
found  to  exert  no  deleterious  action  on  fabric  or  dope.  Soluble  chlorides  in  general  have  been 
found  to  weaken  the  fabric. 
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Several  pigmented  fireproofed  dopes  have  been  examined.  The  pigments  used  have  con¬ 
sisted  of  finely  ground  ammonium  phosphate  or  magnesium  ammonium  phosphate.  These  are 
incorporated  in  suitable  proportion  in  a  fine  state  of  division  in  a  nitrate  dope.  The  dope  is 
applied  alternately  with  clear  dope,  one  coat  of  pigmented  dope  on  the  fabric,  then  clear  dope, 
then  pigmented,  etc.  five  coats  in  all.  A  pigmented  varnish  is  applied  over  the  dope. 

Several  fireproofed  dopes  resembling  an  English  product  called  “ titanine  dope”  have  also 
been  submitted.  These  consist  of  nitrate  dopes  containing  chlorides  of  zinc,  calcium,  or 
magnesium  added  in  alcoholic  solution.  The  hygroscopicity  of  these  salts  is  objectionable, 
and  such  dopes  tend  to  become  slack  on  the  fabric  in  humid  weather.  This  can  be  overcome 
in  part  by  laminating  the  dopes  between  coats  of  clear  dope. 

Nitrate  dopes  may  also  be  fireproofed  by  incorporating  tricresylphosphate  or  hexachlore- 
thane  in  the  dope  film.  The  former  compound  is  preferable  and  forms  a  better  solid  solution 
with  cellulose  nitrate  than  triphenylphosphate.  It  is  necessary  to  fireproof  the  fabric  when 
dopes  of  this  type  are  applied. 
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PART  I. 

CHARACTERISTIC  EXPOSURE  TESTS  OF  BALLOON  FABRICS. 

By  Junius  David  Edwards  and  Irwin  L.  Moore. 


1.  INTRODUCTION. 

i'he  determination  of  the  probable  life  of  a  balloon  fabric  in  service  by  experimental 
means  is  of  the  greatest  value  in  choosing  the  most  suitable  fabrics  for  a  given  purpose  and  in 
pointing  the  way  to  improvements  in  compounding  and  construction.  The  usefulness  of 
exposure  to  the  weather  for  this  purpose  has  been  amply  demonstrated.  Various  attempts  have 
been  made  to  reproduce  by  artificial  means  the  conditions  promoting  deterioration  in  service, 
but  without  marked  success.  Exposure  to  the  weather  remains  the  most  satisfactory  method 
for  this  purpose,  and  a  consideration  of  the  characteristics  of  such  tests  is  therefore  important. 
The  results  of  a  typical  series  of  exposure  tests  made  in  1917  and  their  significance  were  discussed 
by  Edwards,  Tuttle,  and  Walen  in  the  Third  Annual  Report  of  the  National  Advisory  Com¬ 
mittee.1  Since  that  time  a  large  number  of  tests  have  been  completed  and  furnish  the  basis  for 
more  detailed  conclusions. 

2.  COMPARISON  OF  FABRIC  DETERIORATION  WITH  WEATHER  CONDITIONS. 

The  chief  difficulty  in  the  interpretation  of  the  results  of  exposure  tests  lies  in  the  fact  that 
the  conditions  of  test  are  not  entirely  under  control  and  not  exactly  reproducible.  This  diffi¬ 
culty  may  be  largely  overcome,  however,  if  sufficient  data  are  obtained  regarding  the  rate  of 
deterioration  and  the  weather  conditions.  Furthermore,  by  simultaneous  exposure  of  fabrics 
whose  characteristics  are  known,  very  satisfactory  comparative  results  may  be  secured.  With 
this  in  view  we  have  made  a  study  of  exposure  results  obtained  at  Washington  during  the  period 
of  July,  1917,  to  September,  1918,  and  also  at  Pensacola,  Fla.,  during  the  four  months  period 
beginning  December  25,  1917. 

The  exposures  at  Pensacola  were  made  at  the  United  States  naval  air  station  at  the  sug¬ 
gestion  and  with  the  cooperation  of  the  Bureau  of  Construction  and  Repair  of  the  Navy  Depart¬ 
ment.  The  exposures  at  Washington  were  made  at  the  Bureau  of  Standards.  The  fabrics  for 
exposure  were  mounted  on  frames  with  a  southern  exposure  running  east  and  west  and  inclined 
at  an  angle  of  10°  to  the  horizontal  to  allow  rain  to  drain  off  quickly.  The  details  of  the  methods 
of  test  are  described  in  the  Third  Annual  Report,  National  Advisory  Committee  for  Aeronautics, 
1917;  a  more  extended  description  of  the  method  of  determining  permeability  is  contained  in 
Bureau  of  Standards  Technologic  Paper  No.  113. 


>  Third  Annual  Report,  National  Advisory  Committee  for  Aeronautics,  1917,  p.  459. 
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The  results  of  a  number  of  such  tests  are  given  in  figures  1  to  8.  In  these  figures  both  the 
permeability  at  25°  in  liters  of  hydrogen  per  square  meter  per  24  hours  and  the  percentage  of 
acetone  extract  are  plotted  as  ordinates  on  the  same  scale.  The  solid  lines  indicate  the  per¬ 
meability  and  the  broken  lines  the  acetone  extract.  The  period  of  exposure  is  given  in  the 
legend.  Permeabilities  of  50  and  over,  which  may  be  considered  excessive,  are  indicated  by 
arrows ;  these  mark  the  period  of  complete  deterioration. 

The  temperature  conditions  prevailing  during  these  tests  are  shown  in  figure  9.  The  ordi¬ 
nates  plotted  are  the  averages  by  weeks  of  the  daily  mean  temperatures.  A  smooth  curve  has 
been  drawn  to  give  an  approximate  idea  of  the  temperature  gradient.  The  curve  for  the  average 
maximum  temperature  is  roughly  parallel  to  the  curve  as  given,  but  is  about  10°  higher  in 
summer  and  5°  higher  in  winter.  This  information  has  been  furnished  by  the  Weather  Bureau 
from  measurements  made  at  their  stations  at  American  University,  Washington,  D.  C.,  and  at 
Pensacola,  Fla. 

A  study  of  the  data  in  these  figures  leads  us  to  estimate  that  the  rate  of  increase  of  acetone 
extract  of  fabrics  exposed  at  Pensacola  during  the  winter  months  (December  to  March)  is  about 
1.5  to  2  times  as  rapid  as  in  the  case  of  exposures  made  at  Washington  during  the  same  period. 
The  times  required  to  show  complete  deterioration  as  evidenced  by  an  excessive  permeability 
stand  also  in  about  the  same  ratio.  The  rate  of  deterioration  in  summer  at  Washington  is  about 
three  times  as  rapid  as  during  the  winter  at  the  same  place.  Except  in  the  rate  of  deterioration 
no  very  characteristic  differences  between  summer  and  winter  exposure  have  been  noted. 

As  would  be  expected,  the  rate  of  deterioration  increases  with  increase  of  temperature,  but  the 
increase  is  not  uniform.  Passing  from  winter  to  summer,  the  rate  of  deterioration  shows  a  sharp 
increase  in  May  and  June.  At  this  period,  which  may  be  regarded  as  critical,  the  mean  tempera¬ 
ture  is  about  70°  F.  The  last  30  days  of  the  Pensacola  exposure  showed  the  beginning  of  this 
period  of  rapid  increase. 

A  more  significant  factor  to  examine  than  temperature  is  the  variation  of  solar  radiation 
for  different  periods,  since  light  is  an  important  if  not  the  chief  deteriorating  agent  in  exposure 
tests.  However,  the  curve  for  solar  radiation  at  Washington  follows  in  a  general  way  the  tem¬ 
perature  curve.  The  variations  in  the  intensity  of  the  solar  radiation  are  considerably  greater 
than  is  the  case  with  the  mean  temperature,  because  cloudy  weather  has  a  more  marked  effect 
in  reducing  the  solar  radiation.  Attention  may  be  called  to  the  fact  that  the  solar  radiation 
reached  approximately  its  maximum  as  early  as  April  and  May.  Unfortunately  no  radiation 
measurements  were  made  at  Pensacola.  There  is  not  much  additional  information  to  be 
gained  from  inspection  of  the  radiation  data. 

The  question  of  the  strength  of  fabrics  after  exposure  has  been  discussed  by  Walen  in  the 
third  annual  report,1  and  further  treatment  here  is  unnecessary.  The  effect  of  aging  upon  the 
strength  of  fabrics  has  been  followed  throughout  the  exposure  by  means  of  bursting  strength 
determinations.  This  method  was  used  in  preference  to  tensile  strength  tests  because  the 
results  of  the  latter  are  frequently  misleading.  So  long,  however,  as  the  durability  of  the 
cloth  is  greater  than  that  of  the  rubber,  the  strength  tests  are  of  secondary  importance. 

3.  CHARACTERISTIC  CHANGES  IN  PERMEABILITY  AFTER  EXPOSURE. 

Examination  of  the  results  of  a  large  number  of  permeability  tests  after  exposure  reveals 
certain  facts  which  are  characteristic  of  such  tests.  It  was  pointed  out  in  the  third  annual 
report  (p.  461)  that  the  aging  of  the  fabric  is  usually  accompanied  by  a  decrease  in  permeability. 
This  decrease  is  characterized  by  a  hardening  or  stiffening  of  the  rubber,  which  causes  the  gas 
retaining  rubber  film  to  crack  when  wrinkled.  In  order  to  detect  this  condition,  all  exposed 
samples  are  wrinkled  before  determining  their  permeability. 

It  will  be  noted  that  in  figures  5,  6,  and  7  the  permeability  rises  immediately  after  exposure, 
usually  reaching  a  maximum  after  about  30  days;  the  permeability  then  decreased  as  the 


1  Third  Annual  Report,  National  Advisory  Committee  lor  Aeronautics,  1917,  p.,  4ft6,  1917. 
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aging  continued.  The  results  of  95  exposure  tests  were  examined  to  determine  the  percentage 
of  cases  in  which  this  occurred.  Of  this  number,  the  permeability  decreased  from  the  start  in 
43  cases;  in  the  remaining  52  tests  the  permeability  increased  immediately  after  exposure. 
The  maximum  increase  was  noted  at  30  days  in  37  of  these  tests,  at  60  days  in  10  tests,  and  90 
days  in  5  tests.  In  the  cases  where  the  permeability  increased  this  increase  was  later  followed 
by  the  customary  decrease  and  hardening  of  the  rubber  compound  in  the  fabric. 

Speculation  as  to  the  cause  of  this  behavior  has  led  to  no  definite  conclusions.  The  expla¬ 
nation  may  lie  in  the  fact  that  for  some  time  after  vulcanization  the  various  components  of  the 
rubber  compound  have  not  yet  reached  chemical  and  physical  equilibrium.  It  is  a  common 
occurrence,  for  example,  to  have  some  of  the  sulphur  crystallize  out  from  solid  solution  and 
“bloom”  out  on  the  surface  of  new  fabrics.  It  may  be  that  some  such  change  as  this  tempo¬ 
rarily  increases  the  permeability,  after  which  the  oxidation  processes  which  cause  the  decrease 
in  permeability  show  their  effect.  The  increase  in  permeability  may  take  place  in  the  majority 
of  cases,  but  the  times  of  testing  are  not  such  as  to  detect  it.  The  fabric  shown  in  figure  4 
always  showed  a  decrease  in  permeability  after  exposure.  The  permeability  of  the  original 
piece  ran  uniformly  about  15.4  liters  during  the  first  few  months  after  manufacture;  a  year 
later  the  permeability  of  the  unexposed  fabric  had  risen  to  19.2  liters.  Similar  increases  on 
storage  are  evident  in  figures  1  and  2.  The  fabrics  were  stored  under  ideal  conditions.  A 
great  many  ideas  as  to  these  changes  have  been  considered,  but  the  data  at  hand  are  not  sufficient 
to  confirm  them.  It  will  require  further  investigation  designed  to  settle  specific  points  before 
any  definite  conclusions  can  be  reached.  It  is  to  be  noted,  however,  that  in  the  tests  so  far 
made  the  behavior  of  the  fabrics  in  this  respect  is  apparently  a  property  of  the  fabric,  that  is, 
the  same  phenomenon  has  been  noted  in  all  exposures  of  the  same  fabric. 

4.  CHARACTERISTIC  CHANGES  IN  ACETONE  EXTRACT  AFTER  EXPOSURE. 

As  previously  pointed  out  by  Tuttle,1  normal  ageing  of  balloon  fabrics  is  accompanied  by  a 
slow  and  uniform  rise  in  the  acetone  solubility  of  the  rubber  compound,  while  serious  deteriora¬ 
tion  is  marked  by  a  rapid  increase  in  the  acetone  extract.  This  offers  an  excellent  means  of 
tracing  the  deterioration  of  a  fabric.  Depending  on  the  weight  of  the  fabric  and  the  composi¬ 
tion  of  the  rubber  compounds,  the  acetone  extract  in  the  original  sample  will  usually  vary  from 
0.7  to  3  per  cent.  When  the  permeability  has  become  excessive,  the  acetone  extract  has  usually 
risen  above  15  per  cent;  no  definite  figures  can  be  given,  however,  since  the  rate  of  increase  is 
the  significant  factor.  During  long  and  severe  exposures  the  acetone  extract  reaches  a  maximum, 
after  which  there  may  be  a  slight  decrease  due,  presumably,  to  the  production  of  acetone  insol¬ 
uble  products  formed  from  those  previously  soluble.  (See  figs.  4  and  6,  for  example.) 

The  acetone  extract  is  the  best  test  available  for  determining  the  condition  of  the  rubber 
in  empannage  fabrics,  because  the  fabrics  are  not  constructed  to  be  gas  tight  and  no  permeability 
tests  are  made  on  them.  In  certain  two-ply  fabrics  the  acetone  extract  has  been  found  normal 
even  after  the  permeability  had  become  excessive.  These  were  experimental  fabrics  con¬ 
taining  an  open-weave  cloth  which  may  have  permitted  a  mechanical  weakening  of  the  gas 
film  without  deterioration  of  the  rubber.  This  emphasizes  the  importance  of  considering  all 
the  tests  in  judging  the  condition  of  a  fabric,  since  any  one  alone  might  be  misleading. 

The  determinations  of  acetone  extract  were  made  under  the  direction  of  Mr.  A.  H.  Smith,  of 
the  Bureau  of  Standards,  to  whom  acknowledgment  is  made  for  the  data  furnished. 

5.  EXAMINATION  OF  THE  FABRIC. 

In  addition  to  the  tests  made  in  the  laboratory,  a  very  valuable  indication  of  the  relative 
deterioration  is  secured  from  an  examination  of  the  cloth  and  rubber  compounds  themselves. 
The  exposed  sample  should  be  compared  with  the  original  and  any  change  in  its  characteristic 
properties  noted.  Such  features  as  hardening  of  the  rubber,  tendering  of  the  cloth,  loss  of 

1  Third  Annual  Report,  p.  463. 
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“tack,”  etc.,  should  be  observed.  The  loss  of  “tack,”  or  the  property  of  the  freshly  exposed 
rubber  surface  adhering  to  itself,  is  a  very  significant  point  to  be  watched  for.  With  some 
experience  a  very  good  estimate  of  the  condition  of  the  fabric  may  be  formed. 

6.  SUMMARY. 

Exposure  to  the  weather  is  the  best  means  now  available  for  determining  the  relative 
value  of  balloon  fabrics.  The  results  of  tests  secured  at  different  periods  of  the  year  can  be 
correlated  by  a  study  of  the  weather  conditions  at  those  times.  Deterioration  on  exposure  is 
accompanied  by  characteristic  behavior  as  regards  the  permeability,  acetone  extract,  and 
strength.  The  appearance  and  feeling  of  the  fabric  offers  an  exceedingly  helpful  supplementary 
means  of  determining  the  condition  of  the  sample  after  exposure. 
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PART  II. 


USE  OF  ULTRA-VIOLET  LIGHT  FOR  TESTING  BALLOON  FABRICS. 

By  Junius  David  Edwards  and  Irwin  L.  Moore. 


INTRODUCTION. 

It  is  quite  necessary  to  be  able  to  determine  in  advance  of  construction  of  a  balloon  the 
probable  resistance  of  the  fabric  to  the  deteriorating  conditions  of  service.  Extensive  tests 
made  at  the  Bureau  of  Standards  and  other  places  have  shown  that  reliable  indications  as  to 
the  relative  lasting  qualities  of  different  fabrics  can  be  obtained  by  testing  after  exposure  to 
the  weather. 

Deterioration  from  exposure  to  the  weather  is  due,  among  other  things,  to  the  combined 
action  of  light,  heat,  and  moisture.  These  conditions  are  extremely  variable,  and  as  a  result 
tests  made  during  different  periods  of  the  year  are  not  strictly  comparable.  For  that  reason 
it  is  highly  desirable  to  secure  a  reproducible  and,  if  possible,  accelerated  ageing  test.  The  effect 
of  exposure  to  heat  has  been  investigated  by  Edwards,1  Tuttle,  and  Walen,  and  it  was  shown 
that  the  relative  deterioration  of  balloon  fabrics  produced  by  heating  was  not  a  reliable  indication 
of  their  durability  in  service.  Exposure  to  light  from  an  ultra-violet  lamp  has  also  been  sug¬ 
gested  and  used  for  obtaining  an  accelerated  ageing  test,  on  the  assumption  that  the  ultra¬ 
violet  radiation  in  sunlight  was  one  of  the  chief  factors  in  the  deterioration  of  balloon  fabrics. 

Rosenhain,  Barr,  and  Booth  2  exposed  balloon  fabrics  to  ultra-violet  light  from  a  mercury- 
vapor  arc  in  a  quartz  bulb.  Two  fabrics,  both  of  which  showed  marked  deterioration  on  exposure 
to  the  weather  for  50  days,  were  exposed  to  the  ultra-violet  light  for  64  days.  The  action  of  the 
light  produced  no  significant  change  in  permeability  in  the  case  of  one  fabric  whereas  there  was 
marked  deterioration  in  the  case  of  the  other. 

Victor  Henri 3  has  studied  the  effect  of  ultra-violet  light  on  rubber.  Using  a  mercury-vapor 
arc  in  a  quartz  tube  placed  20  centimeters  from  the  exposing  floor,  he  ran  tests  on  samples  of 
thin  sheets  of  rubber  0.5  millimeter  thick.  He  found  that  unvulcanized  rubber  showed  marked 
deterioration  in  20  hours;  the  rubber  became  dark  and  shiny  and  cracked  easily  when  stretched. 
The  vulcanized  sheets  took  48  to  72  hours  before  showing  any  marked  deterioration.  He  con¬ 
cluded  that  the  addition  of  compounding  agents  generally  increased  the  resistance  of  the  rubber 
to  oxidation.  Litharge  was  especially  marked  in  this  effect.  On  the  other  hand,  antimony 
sulphide  greatly  facilitated  oxidation.  Applying  his  conclusions  to  balloon  fabrics,  he  recom¬ 
mends  that  (1)  in  their  construction  there  should  be  no  unvulcanized  rubber,  (2)  that  the  cloth 
shall  be  dyed  with  lead  chromate  or  aniline  yellow  so  as  to  form  a  screen  to  ultra-violet  light,  (3) 
that  some  yellow  coloring  matter  be  used  in  the  rubber  itself. 

BUREAU  OF  STANDARDS  TESTS. 

The  tests  made  at  the  Bureau  of  Standards  were  primarily  for  the  purpose  of  determining 
the  value  of  exposure  to  ultra-violet  light  for  accelerated  ageing  tests  on  balloon  fabrics.  The 
light  source  used  was  a  mercury-vapor  arc,  taking  approximately  600  watts,  in  a  quartz  tube. 
This  was  mounted  with  a  reflecting  screen  on  a  frame  painted  black  and  the  whole  placed  in  a 

1  Third  Annual  Report  of  the  National  Advisory  Committee  for  Aeronautics,  1917,  p.  459. 

*  W.  Rosenhain,  Guy  Barr,  and  Harris  Booth,  Report  of  British  Advisory  Committee  for  Aeronautics,  1910-11,  p.  60. 

*  Le  Caoutchouc  et  Gutta-Percha  1910,  7  pp.,  4371-4376. 
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galvanized-iron  container  through  which  air  was  constantly  drawn  by  a  fan  at  the  top.  Two 
samples  of  fabric,  11  inches  square,  were  tacked  on  a  frame  so  shaped  that  the  fabrics  were  on 
a  120°  arc  of  a  cylinder  (radius  =  11  inches)  of  which  the  lamp  formed  the  axis.  Radiation 
measurements  were  made  from  time  to  time  to  determine  the  total  radiation  from  the  lamp 
and  the  percentage  of  ultra-violet  radiation.  The  radiation  measurements  were  made  by 
W.  W.  Coblentz  and  M.  B.  Long,  and  a  description  of  the  performance  and  characteristics  of 
the  lamps  are  given  in  Bureau  of  Standards  Scientific  Paper  No.  330. 

Numerous  tests  of  balloon  fabrics  exposed  to  the  weather  have  shown  that  normal  ageing 
is  usually  accompanied  by  a  slow  increase  in  acetone  extract  and  an  initial  decrease  in  perme¬ 
ability  which  is  followed  by  a  very  large  increase  in  permeability  when  the  gas  film  becomes 
brittle  and  cracks.  The  deterioration  of  the  fabric  can  thus  be  judged  by  a  comparison  of  the 
permeability  and  acetone  extract  determined  before  and  after  exposure.  The  permeability 
was  determined  by  the  Bureau  of  Standards’  method  as  described  in  Technologic  Paper  No. 
113.  The  permeability  is  expressed  in  liters  per  square  meter  per  24  hours.  The  percentage 
acetone  extract  was  determined  by  the  method  described  in  the  Third  Annual  Report  of  the 
Advisory  Committee  previously  referred  to.  The  results  of  a  series  of  tests  on  balloon  fabrics 
after  exposure  to  ultra-violet  light  are  given  in  Table  1.  The  results  of  similar  tests  of  the 
same  fabrics  before  and  after  exposure  to  the  weather  for  30  and  60  days  are  given  in  Table  2. 

A  brief  description  of  each  fabric  is  given  in  the  following  tabulation. 

No.  22151. — Two-ply  fabric,  olive-green  rubber  coating  on  outside. 

No.  23987. — Two-ply  fabric,  gray  rubber  coating  on  outside. 

No.  10650. — Two-ply  fabric,  gray  rubber  coating  on  outside. 

No.  24580. — Two-ply  fabric,  olive-drab  dyed  fabric  on  outside. 

No.  22151X. — Same  construction  as  22151  but  from  different  roll. 

No.  27331. — Single-ply  fabric  coated  with  fine  Para  rubber  and  sulphur. 

No.  27291. — Single-ply  fabric,  same  coating  as  27331,  except  that  lampblack  has  been 
added  to  the  compound. 


Table  1. — Effect  of  exposure  of  balloon  fabrics  to  ultra-violet  light. 


Fabric 

No. 

Permeability  (25  degrees  C.)  and  per  cent  acetone  extract  after  exposure. 

Original. 

43 

144 

158 

162 

360 

190 

Total  radiation  in  gram  calories  per  square 

1,015 

2,675 

2,410 

1,317 

7,410 

1,575 

Ultra-violet  radiation  in  gram  calories  per  square 

670 

1,712 

1,495 

738 

4,650 

898 

Wet. 

Dry. 

Wet. 

Wet. 

Dry. 

Wet. 

Dry. 

22151 

23987 

10650 

24580 

22151X 

27291 

27331 

TEST. 

15.4 
2.2 

11.4 
1.7 

17.5 
1.6 
9.4 
2.0 

15.4 

2.0 

1.3 

1.9 

13.4 

3.4 

14.6 

2.6 

12.5 

3.6 

8.0 

5.5 

11.1 

4.8 

4.9 
7.2 

320 

13.9 

17,800 

15.6 

10.1 

5.8 

12.1 

4.8 

4.7 

16.6 

Note.— All  samples  were  wrinkled  before  testing  for  permeability  by  being  drawn  ten  times  over  a  metal  edge(angle  90  degrees)  under  a  constant 
tension  of  1  pound  per  inch. 

Note.— The  values  given  in  the  column  marked  “Total  radiation”  are  for  all  wave  lengths  from  0  to  1.2**.  The  values  in  the  column  marked 
“Ultra-violet  radiation”  are  for  all  wave  lengths  from  0  to  0.45*1. 
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Table  2. — Effect  of  exposure  of  balloon  fabrics  to  the  weather. 


Fabric 

No. 

Test. 

Permeability  (25°  C.),  per  cent  ace¬ 
tone  extract  after  exposure  and 
solar  radiation. 

Tin 

Original. 

ie  of  exposui 

30  days. 

■e. 

60  days. 

22151 

Permeability . 

15  4 

AAA 

Per  cent  acetone  extract . 

2.2 

W7v/ 

17  4 

*(,  000 

Solar  radiation . 

ii  am 

20. 0 

23987 

Permeability . 

11  4 

14  9 

*1,UUU 

12.1 

Per  cent  acetone  extract . 

1.7 

3.1 

ft 

Solar  radiation . 

3.7 

10650 

Permeability . 

17  5 

IQ  * 

iu y DUO 
8,750 

Per  cent  acetone  extract . 

T5 

14.4 
ii  am 

Solar  radiation . 

a 

24580 

Permeability . 

9  4 

14.2 

9  Q 

Per  cent  acetone  extract . 

2.0 

14. 1 

Solar  radiation . 

7  am 

0.7 

22151X 

Permeability . 

15  4 

ft  1 

Per  cent  acetone  extract . 

9  n 

Q  1 

1.  o 

27291 

Per  cent  acetone  extract . 

1  3 

115 

lo.  y 

27331 

Per  cent  acetone  extract . 

1.9 

31. 

Note.— “Solar  radiation”  is  expressed  in  gram  calories  per  square  centimeter  of  horizontal  surface  for  wave  lengths  from  0  to  1.2/i.  These 
values  were  calculated  from  the  daily  observations  of  the  Weather  Bureau  at  Washington. 

Note.— All  samples  were  wrinkled  before  testing  for  permeability  by  being  drawn  ten  times  over  a  metal  edge  (angle  90°)  under  a  constant 
tension  of  1  pound  per  inch. 

For  the  proper  interpretation  of  the  data  obtained  in  these  tests  it  is  necessary  to  consider 
the  character  of  the  radiation  to  which  the  fabrics  were  exposed.  The  figures  given  in  the  table 
for  total  radiation  from  the  mercury  arc  are  for  all  wave  lengths  from  0  to  1 .2  p.  The  total  radia¬ 
tion  for  all  wave  lengths  (from  0  to  infinity),  is,  however,  about  five  times  as  great.  This  is 
due  to  the  large  amount  of  heat  radiated  from  the  hot  quartz  tube  and  electrode.  The  values 
for  the  range  0  to  1 .2  p  have  been  used  for  purposes  of  comparison  because  over  80  per  cent  of 
the  solar  radiation  is  of  wave  lengths  less  than  1.2  p.  The  visible  portion  of  the  spectrum  lies 
approximately  between  the  wave  lengths  0.40  p  to  0.72  p. 

Measurements  on  the  mercury  arc  show  that  the  radiation  changes  in  character  and 
intensity  during  the  life  of  the  lamp.  At  first  as  high  as  70  per  cent  of  the  total  radiation  was 
of  wave  lengths  shorter  than  0.45  p  (ultra-violet);  this  percentage  decreased  steadily  with  use 
until  finally  only  about  50  per  cent  of  the  radiation  was  ultra-violet.  The  intensity  decreased 
at  the  same  time  until  it  was  only  about  one-third  of  the  original  value. 

For  purposes  of  comparison  there  is  given  in  Table  3  the  approximate  composition  and 
intensity  of  the  radiation  from  the  mercury  arc  and  the  sun.  The  values  for  solar  radiation 
are  for  average  summer  conditions  in  Washington  and  the  values  for  the  lamp  are  an  average 
of  the  conditions  under  which  the  fabrics  were  exposed.  The  intensity  and  distribution  of 
radiation  from  the  two  sources  is  shown  by  this  table  to  be  quite  different.  The  rate  of  radia¬ 
tion  of  ultra-violet  light  is  about  three  times  as  great  from  the  lamp  as  from  the  sun.  Even 
this  radiation  is  not  of  the  same  character  as  that  from  the  mercury  arc  as  most  of  the  ultra¬ 
violet  radiation  from  the  sun  is  of  wave  lengths  between  0.4  p  and  0.3  p,  while  the  ultra-violet 
radiation  from  the  mercury  arc  extends  below  0.2  p. 
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Table  3. — Comparison  of  solar  radiation  with  radiation  from  quartz  mercury  lamps. 


A.  COMPARISON  FOR  ALL  WAVE  LENGTHS  0  TO  oo. 


Solar  radiation  at 
Washington. 

Mercury  arc  radiation. 

Wave  lengths  of  radiation  in  n. 

Gram 
calories  per 
square 
centimeter 
per  second. 

Per  cent  of 
total. 

Gram 
calories  per 
square 
centimeter 
per  second. 

Per  cent  of 
total. 

0.0008 

5 

0.0026 

12 

0  45  to  1.2  . 

0. 0121 

78 

0. 0017 

8 

0.0026 

17 

0. 0176 

80 

0. 0155 

100 

0. 0219 

100 

B.  COMPARISON  FOR  WAVE  LENGTHS  LESS  THAN  1.2  n. 


0.0008 

6 

0.0026 

60 

f)  45  to  1.2 . 

0. 0121 

94 

0. 0017 

40 

0.0129 

100 

0. 0043 

100 

The  values  for  solar  radiation  were  calculated  from  data  given  in  the  Smithsonian  Physical  Tables. 

The  values  for  the  radiation  from  the  mercury  lamp  are  for  a  distance  of  28  centimeters  from  the  quartz  tube  and  are  an  average  along  its  length. 


A  consideration  of  the  data  in  Tables  1  and  2  shows  that  exposure  to  the  ultra-violet  light 
produces  deterioration  comparable,  qualitatively  at  least,  with  that  obtained  by  exposure  to  the 
weather.  It  was  found,  however,  that  the  action  of  the  ultra-violet  lamp  was  not  nearly  as 
rapid  as  had  been  hoped  for,  despite  its  high  rate  of  radiation  of  ultra-violet  light.  For  example, 
fabric  No.  22151  showed  rapid  deterioration  in  summer  weather  in  less  than  two  weeks,  whereas 
under  the  ultra-violet  light  there  was  no  marked  deterioration  in  43  hours.  For  this  reason  it 
was  necessary  to  extend  the  period  of  exposure  in  order  to  secure  positive  evidence  of  deteri¬ 
oration. 

Further  experiments  showed  that  it  required  between  162  and  360  hours’  exposure  to 
secure  complete  deterioration  of  fabrics  Nos.  22151  and  24580.  Practically  the  same  result  was 
obtained  after  30  days’  weather  exposure  in  the  case  of  No.  22151,  while  the  deterioration 
under  the  lamp  in  360  hours  was  greater  in  the  case  of  24580  than  in  60  days’  exposure  to  the 
weather.  Judging  from  service  tests  and  weather  exposure  tests  fabric  No.  24580  is  far  superior 
to  No.  22151  and  yet  the  exposure  to  ultra-violet  light  shows  only  a  slight  difference  in  their 
durability.  Even  when  the  amounts  of  ultra-violet  radiation  were  the  same  in  both  outdoor 
and  mercury  arc  exposures  the  degrees  of  deterioration  produced  were  very  different.  In  the 
case  of  fabric  No.  22151  the  ultra-violet  radiation  from  the  sun  during  30  days’  exposure  to  the 
weather  was  700  calories;  during  43  hours’  exposure  under  the  lamp  the  ultra-violet  radiation 
was  670  calories.  Yet  this  fabric  showed  no  significant  deterioration  in  43  hours  under  the 
lamp  but  was  practically  destroyed  by  30  days’  outdoor  exposure.  Take  another  example: 
Fabric  No.  10650  during  158  hours’  exposure  under  the  lamp  did  not  show  very  great  deter¬ 
ioration  but  was  ruined  by  60  days’  weather  exposure.  The  ultra-violet  radiation  in  the  first 
case  was  1,495  calories  and  in  the  second  case  1,300  calories. 

Tests  were  made  to  determine,  if  possible,  the  influence  of  moisture  on  the  rate  of  deteri¬ 
oration.  In  the  tests  marked  “wet”  the  samples  were  sprayed  with  water  twice  daily.  The 
“wet  tests”  show  a  somewhat  more  rapid  action  than  those  made  with  the  fabric  dry.  That 
the  difference  between  tests  made  under  the  two  conditions  is  not  greater  may  be  due  to  the 
fact  that  the  normal  humidity  of  the  air  in  the  room  is  sufficient  to  maintain  an  appreciable 
percentage  of  moisture  in  the  “dry  fabric.” 

The  effect  of  temperature  upon  the  deterioration  is  a  factor  the  influence  of  which  is  hard 
to  estimate.  Fabrics  exposed  under  the  lamp  were  at  a  temperature  of  about  50°  C.  Fabric 
No.  22151  when  exposed  in  bright  sunshine  in  midsummer  frequently  reached  this  tempera¬ 
ture.  Thejaverage  temperature  of  fabrics  under  outdoor  exposure  was  much  lower,  however, 
than  those  under  the  lamp. 
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CONCLUSIONS. 

It  seems  evident  from  these  few  tests  that  the  relative  deterioration  of  different  fabrics 
under  ultra-violet  light  is  not  strictly  comparable  with  the  deterioration  experienced  in  service 
or  in  outdoor  exposure.  The  radiation  from  the  mercury  arc  lamp  varies  greatly  in  intensity 
and  character,  and  exposures  made  at  different  times  are  not  strictly  comparable.  Moreover, 
it  is  not  practicable  in  most  laboratories  to  measure  the  radiation  from  the  lamps.  The  tests 
are  thus  far  from  being  reproducible  and  are  not  particularly  accelerated  compared  with  summer 
exposure  in  Washington. 
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PART  I. 

GENERATION  OF  HYDROGEN  FROM  FERROSILICON  AND  SODIUM  HYDROXIDE. 

By  E.  R.  Weaver,  W.  M.  Berry,  and  V.  L.  Bohnson. 

A.  PURPOSE  AND  SCOPE  OF  THIS  PAPER. 

This  report  was  prepared  at  the  Bureau  of  Standards  for  the  National  Advisory  Com¬ 
mittee  for  Aeronautics. 

The  generation  of  hydrogen  by  the  reaction  between  ferrosilicon,  sodium  hydroxide,  and 
water  has  been  extensively  employed  in  recent  years  for  filling  military  and  naval  balloons. 
The  method  is  understood  to  have  been  used  much  more  generally  abroad  than  by  the  American 
forces. 

The  ferrosilicon  method  is  especially  adapted  for  use  in  the  field  because  of  the  relatively 
small  size  and  low  cost  of  the  generator  required  to  produce  fr^drogen  at  a  rapid  rate,  the  small 
operating  force  required,  and  the  fact  that  no  power  is  used  except  the  small  amount  required 
to  operate  the  stirring  and  pumping  machinery.  These  advantages  make  it  possible  to  quickly 
generate  sufficient  hydrogen  to  fill  a  balloon  with  a  generator  which  can  be  transported  on  a 
motor  truck. 

The  fact  that  none  of  the  materials  used  are  by  themselves  combustible,  that  they  do  not 
give  off  hydrogen  until  mixed,  and  that  they  are  easily  and  safely  transported  and  handled, 
makes  the  method  especially  safe  and  valuable  for  use  aboard  ship.  The  low  cost  of  the  gener¬ 
ating  plant  also  makes  the  method  of  value  for  shore  stations  where  the  demand  for  hydrogen 
is  very  irregular  and  the  cost  of  an  electrolytic  or  other  plant  capable  of  meeting  the  maximum 
demand  would  be  excessive. 

In  order  to  determine  the  best  conditions  for  the  operation  of  hydrogen  generators  using 
this  method,  a  large  number  of  laboratory  experiments  have  been  made  with  various  grades  of 
ferrosilicon  under  many  conditions.  This  report  includes  the  results  of  these  experiments,  and 
some  additional  thermochemical  data  from  which  the  effect  of  any  variation  in  generator  opera¬ 
tion  may  be  estimated  by  calculation,  illustrative  problems  showing  the  application  of  the  data, 
a  discussion  of  all  the  conditions  of  operation  from  a  theoretical  standpoint,  and  a  set  of  tenta¬ 
tive  directions  for  the  purchase  of  ferrosilicon  and  the  operation  of  the  generator,  all  conclusions 
being  based  upon  calculation  and  laboratory  experiment. 

B.  GENERAL  DESCRIPTION  OF  EXPERIMENTS. 

1.  Materials  used. — Five  10-pound  samples  and  one  barrel  of  ferrosilicon  obtained  from  the 
Electro  Metallurgical  Co.,  two  10-pound  samples  of  lump  ferrosilicon  of  high  silicon  content 
obtained  from  the  Carborundum  Co.,  and  two  very  finely  ground  samples  of  unknown  origin 
sent  in  for  test  were  used  in  the  experiments.  The  five  samples  from  the  Electro  Metallurgical 
Co.  had  evidently  been  crushed  to  pass  a  screen  of  about  16  meshes  per  inch.  When  screened 
each  sample  gave  approximately  the  following  proportions  of  the  various  sizes: 

10  per  cent  failed  to  pass  a  20-mesh  screen. 

20  per  cent  passed  a  20-mesh,  but  jailed  to  pass  a  30-mesh. 

10  per  cent  passed  a  30-mesh,  but  failed  to  pass  a  40-mesh. 

10  per  cent  passed  a  40-mesh,  but  failed  to  pass  a  60-mesh. 

15  per  cent  passed  a  60-mesh,  but  failed  to  pass  an  80-mesh. 

15  per  cent  passed  an  80-mesh,  but  failed  to  pass  a  100-mesh. 

20 ’per  cent  passed  a  100-mesh. 
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The  silicon  present  in  one  or  more  portions  of  each  material  was  determined  by  the  usual 
gravimetric  method  for  silicon  in  ferrosilicon  with  the  following  results,  each  of  which  is  the 
average  of  two  or  more  fairly  concordant  determinations: 


Sample 

No. 


1 

2 

3 

4 

5 

e 

6 

7 

8 
9 

10 


Electro  Metallurgical  Co 

....do . 

....do . 

- do . 

_ do . 

- do . 

_ do . 

Carborundum  Co . 

_ do . 

Unknown . 

_ do . 


Origin. 


Fineness.  Silicon. 


Mesh.  Per  cent.. 


20-30 

84.0 

20-30 

50.9 

20-30 

60.1 

20-30 

71.5 

20-30 

85.5 

20-30 

88.7 

100 

79.1 

20-30 

95.1 

20-30 

99.0 

100 

89.7 

100 

91.4 

The  fact  that  the  fine  material  of  sample  6  shows  a  lower  silicon  content  than  the  20-30- 
mesh  material  may  be  explained  by  the  assumption  that  it  consists  in  part  of  slag  which,  being 
more  brittle  than  the  alloy,  would  be  more  easily  powdered.  This  assumption  is  borne  out 
by  the  low  yield  of  hydrogen  from  this  and  every  other  fine  sample  from  the  sifted  materials. 

2.  Methods  of  experiment. — The  experiments  from  which  the  more  important  conclusions 
were  drawn  were  of  two  kinds,  those  made  to  determine  the  total  yield  of  hydrogen  and  those 
made  to  determine  rate  of  evolution  of  hydrogen. 

The  apparatus  shown  in  figure  1  was  used  to  determine  total  hydrogen  yield.  A  weighed 
sample,  about  2  grams,  of  the  material  to  be  tested  was  introduced  into  A  and  covered  with 
water.  The  flask  was  then  evacuated  and  the  water  boiled  vigorously  to  expel  air.  A  con¬ 
siderable  excess  of  sodium  hydroxide  solution  was  then  slowly  introduced.  After  violent 
reaction  ceased  the  solution  was  boiled  for  one  hour  or  longer.  The  gas  evolved  was  then 
measured  in  bottle  C  by  determining  the  amount  of  water  displaced.  The  total  yield  of  hydrogen 
was  found  to  be  independent  of  the  concentration  and  amount  of  sodium  hydroxide  solution 
used,  provided  there  was  present  at  least  the  amount  indicated  as  required  by  the  equation 

2NaOH  +  Si  +  H20  =  Na2Si03  +  2H2. 

It  was  also  found  that  for  the  grades  of  material  containing  more  than  75  per  cent  silicon  the 
amount  of  hydrogen  evolved  after  the  first  hour  was  negligible. 

The  more  important  experiments  upon  the  rate  of  reaction  were  made  in  the  following 
manner:  The  body  of  a  spherical  3-liter  flask  was  immersed  in  a  water  bath  through  which 
steam  could  be  forced  to  control  the  temperature.  The  flask  was  connected  through  a  water- 
cooled  condenser  and  a  shallow  water  seal  to  a  gas  meter.  The  solution  to  be  tested  was 
introduced  and  brought  to  the  desired  temperature,  usually  100°  C.  A  weighed  amount  of 
ferrosilicon  was  then  added  through  a  large-stemmed  funnel  and  the  opening  through  which 
the  funnel  was  inserted  quickly  closed.  As  soon  as  the  meter  began  to  move,  a  stop  watch 
was  started  and  the  meter  reading  recorded  at  intervals,  usually  of  one  minute.  After  the 
run  the  yield  was  plotted  against  time.  Figure  2  is  a  characteristic  curve  showing  the  results 
obtained  in  one  such  test.  In  most  cases  comparative  rates  only  were  wanted.  The  average 
rate  between  the  first  and  second  or  first  and  third  minute  was  usually  taken  for  comparison. 
This  particular  interval  was  chosen,  first,  to  avoid  so  far  as  possible  errors  of  judgment  as  to 
the  time  of  starting,  and,  second,  to  obtain  results  very  near  the  starting  time,  before  large 
changes  could  occur  in  the  temperature  or  in  the  amount  of  ferrosilicon  unacted  upon.  Varia¬ 
tions  from  these  general  methods  of  experiment  will  be  noted  in  connection  with  a  discussion 
of  the  data  obtained. 

C.  EXPERIMENTAL  AND  COMPILED  DATA. 

1.  Relation  of  composition  of  ferrosilicon  to  total  hydrogen  yield. — Figure  3  shows  the  total 
yield  of  hydrogen  from  each  of  the  11  samples  of  ferrosilicon  for  which  the  analyses  are  given 
above.  The  determinations  were  made  ae  described  under  “Methods  of  experiment,”  except 
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Fig.  1.— Apparatus  for  the  determination  of  total  hydrogen  yield. 
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that  the  materials  below  75  per  cent,  which  did  not  react  vigorously  at  any  time,  were  boiled 
for  the  uniform  period  of  an  hour  and  a  half  instead  of  for  “one  hour  after  vigorous  reaction 
ceased.”  It  will  be  noted  that  with  materials  of  less  than  about  75  per  cent  silicon  content 
the  gas  yield  decreases  much  more  rapidly  than  the  percentage  of  silicon.  The  steep  portion 
of  the  curve  may  in  reality  occur  at  a  higher  percentage  than  this,  since  the  79  per  cent  material 
was  probably  made  up  of  a  mixture  of  85-90  per  cent  ferrosilicon  with  more  or  less  inert 
material.  The  use  of  material  containing  not  less  than  75  per  cent  of  silicon  seems  necessary; 
and,  in  fact,  a  higher  percentage  may  be  of  material  advantage. 

The  reaction  is  very  rapid  at  first  and  gradually  slows  down,  but  continues  for  many  hours. 
The  end  of  the  reaction  is  therefore  indefinite,  but  the  amount  of  hydrogen  evolved  after  the 
first  15  minutes  is  only  a  small  fraction  of  the  total.  In  addition  to  the  silicon,  some  of  the 


iron  and  probably  all  of  the  aluminum  present  in  the  alloy  go  into  solution  with  the  evolution 
of  hydrogen.  Since  some  of  the  hydrogen  is  produced  from  materials  other  than  silicon  and 
some  of  the  silicon  present  may  be  in  the  form  of  silica  (Si02)  or  metallic  silicates,  which  do 
not  react  with  water  to  produce  hydrogen,  it  is  not  surprising  to  find  that  the  silicon  content 
of  a  sample  of  ferrosilicon  is  not  an  exact  measure  of  the  hydrogen  which  will  be  given  off 
under  operating  conditions. 

By  screening  out  a  uniform  sample  of  coarse  material,  grinding  part  of  the  sample  com¬ 
pletely  to  a  fine  powder,  and  determining  yield  of  hydrogen  in  both  portions,  it  was  found  that 
the  total  yield  is  independent  of  the  fineness  of  the  sample. 

2.  Relation  of  composition  of  ferrosilicon  to  rate  of  reaction. — Figure  4  shows  the  relation  of 
the  percentage  of  silicon  in  the  ferrosilicon  to  the  initial  rate  at  which  hydrogen  is  evolved. 
The  experiments  were  made  in  the  manner  described  under  “Method  of  experiment”;  the  same 
weight  of  20-30-mesh  materials  of  different  composition  was  introduced  into  an  excess  of  20 
per  cent  sodium  hydroxide  solution  maintained  at  100°  C.  and  the  rates  were  compared  over 
the  interval  between  the  first  and  third  minutes  after  the  reaction  began. 
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The  important  facts  established  by  these  experiments  are  (1)  that  the  rate  of  reaction  falls 
off  very  rapidly  when  the  percentage  of  silicon  is  decreased  below  70  or  75  per  cent,  and  (2)  that 
the  rate  of  reaction  is  lower  for  nearly  pure  silicon  than  for  material  containing  about  90  per 
cent 'of  silicon. 

The  slow  rate  of  reaction  of  nearly  pure  silicon  is  probably  due  to  the  presence  of  the 
graphitic  form  which  is  much  less  readily  attacked  by  chemical  reagents  than  the  amorphous 
form.  The  amorphous  form  of  silicon  is  probably  the  chief  constituent  of  the  lower  grade 
materials. 

3.  Effect  of  fineness  of  ferrosilicon  upon  rate  of  reaction. — Experiments  upon  the  relative 
rate  of  reaction  of  ferrosilicon  of  different  degrees  of  finenesses  and  of  the  same  composition 
were  carried  out  in  the  same  manner  a3  the  other  rate  experiments,  using  an  excess  of  20  per 
cent  solution  at  a  temperature  of  100°  C.  Figure  5  shows  two  typical  curves  representing  the 


reaction  of  20-30-mesh  ferrosilicon  containing  88.3  per  cent  of  silicon  and  the  same  material 
after  grinding  to  pass  a  100-mesh  sieve.  It  should  be  observed  that  the  total  yield  is  the 
same  from  the  two  samples,  but  the  rates  are  different. 

A  comparative  test  of  material  of  a  uniform  size  and  material  containing  large  and  small 
particles  as  it  comes  from  the  crusher  was  also  desired.  Such  a  comparison  could  not  be  made 
directly  because  of  the  very  great  difference  in  composition,  and  therefore  in  hydrogen  yield 
between  the  coarse  and  the  fine  powder  in  each  of  the  samples;  an  indirect  comparison  is  shown 
in  figure  6,  however.  In  it  (a)  is  an  experimental  curve  showing  the  course  of  the  reaction 
of  the  ferrosilicon  taken  directly  from  the  barrel  of  ferrosilicon  which  had  an  average  silicon 
content  of  about  70  per  cent.  An  effort  was  made  to  have  this  sample  represent  the  average 
fineness  of  the  material  in  the  barrel.  Curve  ( b )  is  an  experimental  curve  showing  the  reaction 
of  that  portion  of  the  ferrosilicon  from  the  barrel  which  passed  a  20-mesh  sieve,  but  not  a 
30-mesh  sieve  (sample  No.  1,  p.  4).  It  had  been  shown  by  experiment  (cf.  fig.  5)  that  material 
of  the  same  composition  gives  the  same  total  yield  whatever  the  fineness.  The  total  yield 
obtained  in  these  experiments  from  the  material  of  mixed  sizes  is  0.95  liter  per  gram;  that  from 
167080— S.  Doc.  307,  65-3 - 28 
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20-30-mesli  material  1.1  liters  per  gram.  Assuming  the  rate  of  reaction  proportional  to  the 
composition  (a  relation  indicated  by  fig.  4  as  being  approximately  true  for  ferrosilicon  of  this 
composition  and  one  which  should  be  exactly  true  if  the  finer  material  is  low  in  silicon  because 
of  the  presence  of  inert  particles)  curve  C  was  plotted  with  ordinates  obtained  by  multiplying 
the  ordinates  of  curve  (A)  by  1.1/0.95.  Curve  G  therefore  represents  approximately  the  rate  of 
reaction  of  84  per  cent  material  crushed  to  the  average  of  fineness  of  the  material  in  the  barrel. 

4.  Decrease  in  rate  of  reaction  with  exhaustion  of  ferrosilicon. — Figure  7  represents  the 
relation  between  the  rate  of  evolution  of  gas  and  the  amount  of  ferrosilicon  remaining 
undissolved  throughout  the  reaction.  Since  it  is  possible  to  determine  the  stage  of  the  re¬ 
action  only  by  observing  the  volume  of  gas  produced,  the  data  are  given  in  terms  of  rate  of 
reaction  and  previous  hydrogen  yield.  The  small  circles,  representing  the  observed  data  for  a 
single  typical  case,  fall  on  the  straight  line  within  the  limit  of  error  of  observation,  and  show 
that  the  rate  of  evolution  is  at  all  times  directly  proportional  to  the  amount  of  ferrosilicon 
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remaining  unattacked.  Corresponding  data  were  plotted  for  material  of  several  degrees  of 
fineness  and  for  a  mixture  of  all  finenesses  occurring  in  the  crushed  material,  and  the  same  rela¬ 
tion  was  found  to  hold. 

This  relation  is  important,  since  it  enables  us,  after  once  determining  the  initial  rate  of 
reaction  and  the  total  yield  for  a  given  sample  of  ferrosilicon,  to  calculate  with  considerable 
accuracy  the  rate  of  reaction  after  any  given  amount  of  hydrogen  has  been  evolved.  Or,  in 
other  words,  knowing  this  relation  it  is  possible  to  predict  the  speed  of  reaction  at  any  stage 
of  the  evolution  of  gas. 

5.  Relation  of  concentration  of  sodium  hydroxide  solution  to  rate  of  reaction. — By  a  series 
of  tests  similar  to  the  rate  experiments  previously  described,  but  in  each  of  which  the  same 
amount  of  ferrosilicon  of  the  same  composition  and  fineness  was  added  to  a  large  excess  of 
sodium  hydroxide  dissolved  in  a  different  amount  of  water,  the  approximate  effect  of  con¬ 
centration  of  alkali  upon  the  rate  of  evolution  was  determined.  The  curve  labeled  “pure 
NaOH”  in  figure  8  represents  the  relative  rates  of  evolution  at  the  beginning  of  the  runs 
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In  order  to  investigate  the  rate  of  reaction  with  the  solutions  remaining  after  some  ferro- 
silicon  has  already  reacted,  a  series  of  experiments  were  made  with  solutions  in  which  various 
amounts  of  sodium  hydroxide  and  ferrosilicon  were  allowed  to  completely  react  in  a  weighed 
flask  in  a  steam  bath.  The  solutions  were  then  brought  to  any  desired  concentration  by  weigh¬ 
ing  the  flasks  and  adding  known  weights  of  water.  The  flasks  were  then  connected  to  the 
meter  through  the  condenser  and  heated  with  steam  until  no  more  bubbles  of  gas  were  expelled 
from  the  flask.  A  weighed  amount  of  fresh  ferrosilicon  was  then  introduced  and  the  initial 
rate  of  evolution  of  hydrogen  determined  as  in  previous  experiments.  In  every  case  concen¬ 
trated  solutions  showed  more  rapid  rates  of  evolution  than  more  dilute  ones  up  to  the  concen¬ 
tration  at  which  the  solutions  appeared  noticeably  gummy.  Above  that  concentration  the 
rate  of  evolution  rapidly  fell  off.  The  second  curve  in  figure  8,  labeled  “2gSi:  3gNaOH,” 
shows  the  approximate  effect  of  dilution  upon  solutions  containing  two  parts  by  weight  of 
dissolved  silicon  to  three  parts  of  sodium  hydroxide  originally  present. 
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6.  Relation  of  amount  of  alkali  to  rate  of  reaction. — The  production  of  hydrogen  from  ferro¬ 
silicon  may  be  represented  by  the  equation 

2N  aOH  +  Si  +  II20  =  N  a2Si03  +  2H2  ( 1 ) 

According  to  this  equation  the  weight  of  alkali  required  to  react  with  ferrosilicon  would 
be  approximately  2.8  times  the  weight  of  silicon  contained.  Equation  (1)  probably  represents 
the  reaction  taking  place  at  the  beginning  of  a  run.  However,  sodium  silicate  in  solution 
hydrolyzes,  giving  sodium  hydroxide  and  hydrated  silicic  acid  as  indicated  by  the  equation 

Na2Si03  +  (X  +  1)H20  =  2NaOH  +  Si02.XH20  (2) 

If  we  combine  equations  (1)  and  (2)  we  get  the  equation 

Si  +  (X  +  2)H30  =  Si02.X  H20  +  2H2 


(3) 
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Although  the  compounds  specified  may  not  be  the  only  ones  formed  they  are  typical  of 
the  course  of  the  reaction.  The  ultimate  reaction  may  therefore  be  regarded  as  one  between 
silicon  and  water  in  which  the  alkali  acts  as  a  catalyst.  This  viewpoint  is  important,  since  it 
explains  the  observed  production  of  hydrogen  in  excess  of  the  amount  which  could  be  obtained 
from  a  given  weight  of  sodium  hydroxide  according  to  equation  (1)  and  shows  that  the  relative 
amounts  of  alkali  and  ferrosilicon  to  be  used  in  practice  should  be  determined  by  the  rate  of 
evolution  of  the  gas  and  the  relative  cost  of  ferrosilicon  and  alkali  rather  than  by  computing  the 
equivalent  proportions  corresponding  to  a  definite  chemical  equation. 

It  is  evident  that  the  rate  of  reaction  at  the  beginning  of  a  run  should  depend  only  upon  the 
concentration  of  the  sodium  hydroxide  solution,  and  not  at  all  upon  the  amount  present,  pro¬ 
vided  of  course  there  is  enough  to  wet  all  the  solid  surface.  The  question  to  be  answered  by 
experiment  is,  how  does  this  initial  rate  fall  off  as  the  alkali  becomes  exhausted.  The  experi¬ 
ments  described  in  the  preceding  section,  in  which  definite  weights  of  sodium  hydroxide  and 
ferrosilicon  were  allowed  to  completely  react  and  the  rate  of  evolution  of  gas  from  a  fresh  sample 
of  ferrosilicon  was  then  determined,  gave  results  showing  also  the  effect  upon  the  rate  of  reaction 
of  partially  exhausting  the  sodium  hydroxide.  The  results  ootained  when  using  a  20  per  cent 
sodium  hydroxide  solution  are  shown  in  figure  9.  The  relative  decrease  in  the  rate  of  evolution 
with  the  exhaustion  of  the  sodium  hydroxide  was  of  the  same  order  of  magnitude  for  other 
concentrations  up  to  the  point  at  which  the  solutions  became  very  viscous. 

7.  Effect  of  temperature  upon  rate  of  reaction. — The  results  of  experiments  upon  the  effect 
of  temperature  upon  the  relative  rates  of  reaction  are  shown  in  figure  10.  These  experiments 
were  made  by  dropping  a  single  grade  and  fineness  of  ferrosilicon  into  a  very  large  excess  of 
20  per  cent  sodium  hydroxide  solution  and  observing  the  time  required  to  produce  a  given  volume 
of  gas,  the  temperature  being  kept  constant  to  within  one  or  two  tenths  of  a  degree  during  the 
interval.  This  was  considered  a  better  method  than  determining  the  yield  over  a  definite  interval 
of  time  on  account  of  the  great  difference  in  rates  in  these  experiments.  If  the  latter  method 
had  been  used,  the  interval  for  comparison  would  have  had  to  be  either  so  long  that  the  rate  for 
the  higher  temperatures  would  have  fallen  off  through  the  exhaustion  of  the  material  or  so  short 
that  the  volumes  evolved  at  the  lower  temperatures  could  not  have  been  measured  with  suf¬ 
ficient  accuracy. 

8.  Thermal  properties  of  sodium  hydroxide  solutions. — Graphs  11,  12,  13,  and  14  give,  in 
convenient  form,  data  regarding  the  heat  of  solution,  specific  heat,  boiling  point,  and  vapor 
pressure  of  sodium  hydroxide  solutions  of  various  strengths.  All  the  data  are  taken  from  the 
“Landolt-Bornstein  Physikalisch  Chemische  Tabellen”  with  the  exception  of  the  vapor  pressure 
curves  of  figure  12.  These  are  computed  from  the  data  used  for  figure  11  and  the  vapor  pressure 
of  water  on  the  assumption  that  the  ratio  of  the  vapor  pressure  of  the  solution  to  that  of  pure 
water  is  independent  of  the  temperature. 

D.  THE  FIELD  GENERATOR. 

1.  Description  of  generator. — The  ferrosilicon  method  is  used  almost  exclusively  for  the 
generation  of  hydrogen  for  filling  balloons  in  the  field,  on  board  ship,  or  at  small  naval  shore 
stations. 

The  plant  required  for  the  production  of  hydrogen  consists  of  three  principal  parts — (1) 
the  solution  tank  in  which  the  sodium  hydroxide  is  dissolved,  (2)  the  generator  proper  in  which 
the  reaction  takes  place,  and  (3)  the  washer  or  condenser  in  which  the  evolved  gas  is  washed 
with  water  and  cooled  before  being  stored  or  being  put  into  the  balloon.  The  parts  are  so 
arranged  that  liquid  can  be  run  into  the  generator  from  the  solution  tank  by  gravity.  The 
generator  is  usually  provided  with  an  adjustable  feed  mechanism  which  places  the  ferrosilicon 
feed  under  the  immediate  control  of  the  operator.  A  cold-water  spray  for  diluting  the  contents 
of  the  generator  and  regulating  its  temperature  is  also  provided. 

The  operation  of  the  generator  is  as  follows :  A  predetermined  charge  of  sodium  hydroxide 
and  water  are  stirred  together  in  the  solution  tank  until  solution  is  complete.  A  part  or  all 
of  the  solution  is  then  run  into  the  generator  and  ferrosilicon  added  at  such  a  rate  as  will  best 
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control  the  evolution  of  the  gas.  The  heat  of  solution  of  sodium  hydroxide  is  sufficient  to 
start  the  reaction  with  ferrosilicon.  The  heat  of  this  reaction  increases  the  temperature  rapidly, 
a  large  amount  of  water  is  evaporated,  and  it  soon  becomes  necessary  to  both  cool  and  dilute 
the  contents  of  the  generator.  This  is  done  by  means  of  the  water  spray  mentioned  in  the 
preceding  paragraph.  Care  must  be  taken  throughout  the  reaction  that  the  contents  of  the 
generator  do  not  foam  over  and  that  the  hydrogen  does  not  pass  through  the  washer  at  too 
rapid  a  rate  and  so  carry  sodium  hydroxide  spray  and  water  into  the  balloon. 

At  the  best  the  cost  of  materials  makes  the  ferrosilicon  method  expensive  in  comparison 
with  several  other  methods  of  generating  hydrogen.  The  method  has,  however,  several  great 
advantages;  a  very  rapid  rate  of  hydrogen  production  can  be  secured  from  a  comparatively 
small  and  inexpensive  plant  with  very  little  labor  and  only  sufficient  power  to  operate  the 
water  pumps  and  stirring  machinery.  The  advantages  and  limitations  of  the  method,  therefore, 
make  it  suitable  only  for  portable  plants  and  small  stationary  units  where  the  cost  of  a  larger 
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but  more  efficient  plant  is  not  justified.  The  following  sections  dealing  with  the  practical  ap¬ 
plication  of  theory  and  laboratory  experiment  are  written  with  special  reference  to  portable 
generators  of  about  the  maximum  size  which  can  be  conveniently  transported  on  a  motor  truck. 
For  the  purpose  of  the  following  discussion  a  hypothetical  case  is  assumed  in  which  a  generator 
having  a  diameter  of  6  feet  6  inches  and  a  height  of  6  feet  is  chosen.  It  is  also  assumed  that 
the  generator  sides  and  bottom  are  of  |-inch  sheet  iron. 

2.  Heat  loss  from  surface  of  generator . — The  losses  of  heat  from  the  surface  of  the  generator 
are  of  considerable,  but  not  primary,  importance  in  determining  the  thermal  conditions  existing 
during  the  reaction.  One  of  the  most  commonly  accepted  equations  for  loss  of  heat  by  con¬ 
vection  from  cylindrical  surfaces  is  that  of  L.  V.  King.1  This  equation,  for  the  case  of  the  small 
temperature  differences  existing  between  the  generator  and  the  surrounding  air,  reduces  to  the 
following  equation,  representing  the  loss  of  heat  from  a  cylinder  exposed  to  air  currents  perpen¬ 
dicular  to  its  axis. 

w—  1.4X  —  t2)fv 


1  Phil.  Trans.  Roy.  Soc.  (British),  214,  p.  373-439,  1914. 
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Here  w  is  the  power  loss  in  watts  per  centimeter  of  length  of  the  cylinder,  r  is  the  radius  of 
the  cylinder  in  centimeters,  tt  and  t2  are  the  temperatures  of  the  cylinder  and  of  the  surrounding 
air,  respectively,  and  v  is  the  air  velocity  in  centimeters  per  second. 

This  equation  was  derived  from  theoretical  considerations,  using  constants  determined  by 
experiment  upon  electrically  heated  wires,  and  is  known  not  to  apply  exactly  to  cylinders  of 
large  size. 

From  this  equation  the  heat  loss  per  second  from  the  vertical  surface  of  the  generator  in  a 
wind  blowing  50  miles  per  hour,  the  temperature  of  the  generator  being  120°  F.  above  that  of 
the  air,  would  be  32,000  calories  per  second.  From  experiments  in  the  Massachusetts  Institute 
of  Technology,  discussed  by  J.  C.  Hunsaker,1  the  heat  loss  from  an  airplane  radiator,  with  the 
same  wind  velocity  and  temperature  difference,  is  found  to  be  0.86  B.  t.  u.  per  square  foot  per 
second.  At  this  rate  the  loss  from  the  generator  under  the  assumed  conditions  would  be  26,700 
calories  per  second.  Considering  the  great  difference  in  the  conditions  of  experiment,  the 
agreement  is  satisfactory  for  our  purpose,  and  King’s  equation  may  be  used  to  give  a  probable 
maximum  figure  for  the  heat  loss  from  the  generator.  The  radiation  from  the  same  surface 
under  the  same  conditions  probably  does  not  exceed  100  calories  per  second,  the  exact  amount 
depending  upon  the  condition  of  the  surface,  but  being  negligible  in  any  case. 

The  curve  in  figure  15  was  drawn  from  King’s  equation  to  represent  the  heat  loss  from  125 
square  feet  of  generator  surface  (approximately  the  area  of  the  generator  sides)  at  various  wind 
velocities  for  a  temperature  difference  of  100°  C.  The  heat  loss  for  zero  wind  velocity  was 
taken  from  the  figure  in  Kent’s  Mechanical  Engineer’s  Handbook  for  the  heat  loss  per  square 
foot  of  surface  from  steam  and  hot-water  radiators. 

3.  Heat  capacity  of  generator. — The  heat  capacity  of  the  generator  was  calculated  from  the 
weight  of  iron  in  the  sides  and  bottom  of  the  tank  and  the  specific  heat  of  iron.  The  weight  of 
metal  was  computed  to  be  about  550  kilograms  and  its  heat  capacity  equal  to  that  of  about 
66  kilograms  of  water. 

E.  APPLICATION  OF  EXPERIMENTAL  RESULTS  TO  GENERATOR  OPERATION. 


The  application  of  the  data  given  in  Part  C  of  this  report  to  the  problems  of  generator 
operation  can  probably  be  best  shown  by  one  or  more  examples.  In  the  following  problems  a 
complicated  set  of  conditions  is  chosen  for  illustrative  purposes  only;  it  is  not  the  intention  to 
recommend  that  the  operating  conditions  assumed  here  be  followed  in  practice. 

1.  Typical  generator  problem  No.  1. — Assume  the  following  weather  conditions  to  prevail: 


Air  temperature . 

Water-supply  temperature 

Barometer . 

Wind  velocity . 


20°  C. 

18°  C. 

740  mm.  of  mercury. 
10  miles  per  hour. 


The  charge  is  to  consist  of  800  pounds  of  ferrosilicon  of  the  composition  of  the  barreled 
material  used  in  the  experiments  shown  in  figure  6  crushed  to  pass  a  16-mesh  sieve. 

Generation  is  started  with  a  30  per  cent  sodium  hydroxide  solution  made  from  640  pounds 
of  sodium  hydroxide  dissolved  in  1,493  pounds  of  water.  In  order  to  heat  the  solution  more 
quickly  to  the  desired  temperature  of  reaction,  only  half  the  solution  and  75  pounds  of  ferro¬ 
silicon  are  introduced  into  the  generator  at  the  start.  When  the  temperature  reaches  90°  C. 
the  ferrosilicon  feed  is  started  at  the  uniform  rate  of  15  pounds  per  minute  and  continued  until 
the  charge  has  all  been  added.  As  soon  as  the  ferrosilicon  feed  is  started,  the  remainder  of  the 
solution  is  run  into  the  generator  at  such  a  rate  as  to  keep  the  temperature  constant.  When 
all  the  solution  has  been  added,  water  is  run  in  until  the  solution  contains  about  20  per  cent  of 
sodium  hydroxide.  The  water  spray  is  then  stopped  and  no  further  effort  made  to  control 
the  generation  until  the  charge  is  exhausted. 

640  pounds  NaOH=640X0. 454=290  kg. 

1,493  pounds  water=l, 493X0. 454=677  kg. 

Total  weight  of  solution=290+677=967  kg. 
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The  solution  contains  290/677  =  42.8  parts  of  sodium  hydroxide  per  hundred  of  water. 
From  figure  13  we  find  the  heat  of  solution  of  sodium  hydroxide  in  a  solution  of  this  strength 
to  be  232  calories  per  gram,  which  is  equal  to  the  same  number  of  kilogram-calories  per  kilo¬ 
gram.  The  total  heat  of  solution  available  is  therefore 

290  X  232  =  67300  kilogram-calories. 

Of  this  amount  2x677  =  1,354  kilogram-calories  is  required  to  raise  the  temperature  of  the 
water  to  the  air  temperature,  20°.  The  specific  heat  of  the  solution  is  found  to  be  0.85 
(fig.  14).  The  total  heat  capacity  of  the  solution  is  therefore  equivalent  to 


0.85  X  967  =  822  kg.  of  water. 


Assume  that  the  heat  capacity  of  the  mixing  tank  is  about  three-fourths  that  of  the  generator 
or  equivalent  to  about  50  kilograms  of  water.  If  there  were  no  heat  lost  to  the  surroundings, 
the  temperature  would  rise 


67300-1354 
50  4-  822 


75°  approximately. 


Assume  that  the  average  temperature  of  the  solution  during  mixing  is  half  as  much  above 
the  surroundings  and  that  solution  is  complete  in  20  minutes.  The  surface  losses  from  the 
mixing  tank  will  approximate  those  from  the  generator  for  the  same  temperature  conditions. 
The  surface  loss  for  a  temperature  difference  of  100°  in  a  10-mile  wTind  is  about  20  kilogram- 
calories  per  second  (fig.  15).  The  total  loss  during  the  interval  is  about 

0.375  X  20  X  20  X  60  =  9000  kilogram-calories. 

When  introduced  into  the  generator  the  temperature  of  the  solution  is  therefore 

67300-10354 

872 


above  that  of  the  surrounding  air.  The  heat  capacity  of  the  generator  was  computed  to  be 
equal  to  that  of  about  66  kilograms  of  water  and  the  heat  capacity  of  the  75  pounds  (equal  to 
34.1  kilograms)  of  ferrosilicon  is  equal  to  about  5  kilograms  of  water. 

One-half  of  the  solution  has  a  heat  capacity  equal  to  that  of  411  kilograms  of  water.  When 
this  amount  is  run  into  the  generator,  and  the  ferrosilicon  added,  the  initial  temperature  is 
therefore  about 


above  that  of  the  air  or  75.8°  C. 


411x65 
41 1  +  71 


55.8° 


The  rate  of  hydrogen  evolution  from  the  ferrosilicon  used,  in  20  per  cent  sodium  hydroxide 
solution  at  100°  C.,  was  found  to  be  0.35  cubic  meters  per  kilogram  per  minute  when  the  gas  is 
measured  dry  at  0°  C.  and  760  millimeters  pressure  (fig.  6).  At  75.8°  the  rate  of  reaction  is  29.5 
per  cent  as  fast  as  at  100°  (fig.  10);  for  brevity  the  “temperature  factor”  is  0.295. 

In  30  per  cent  solution  the  rate  is  about  113  per  cent  of  the  rate  in  20  per  cent  solution 
(fig.  8) ;  the  “concentration  factor”  is  1.13.  The  rate  of  evolution  from  the  34.1  kilograms  of 
ferrosilicon  initially  present  is  therefore  0.35x34.1x0.295x1.13  =  3.98  cubic  meters  per  min¬ 
ute.  One  gram  molecule  of  silicon  when  dissolved  in  sodium  hydroxide  solution  produces  44.8 
liters  of  hydrogen  with  the  evolution  of  49  kilogram-calories.  The  total  heat  of  reaction  during 
the  first  minute  is  therefore 

3980x49  ,  • 

— jj-q —  =  4360  kilogram-calories. 


The  boiling  point  of  30  per  cent  sodium  hydroxide  solution  is  115.3°  C.  (fig.  11).  The  vapor 
pressure  of  water  at  115.3°  C.  is  1,280  millimeters;  that  of  the  solution  is,  of  course,  760  milli¬ 
meters.  The  vapor  pressure  of  water  at  75.8°  C.  is  299  millimeters.  Then  the  vapor  pressure 
of  the  solution  at  75.8°  C.  is  about 


299  X  760 


=  178  millimeters. 


1280 
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The  barometric  pressure  is  740  millimeters.  Consequently  the  gas  leaving  the  generator  is 
made  up  of  water  vapor  and  hydrogen  in  the  proportion  by  volume 

178  :  740-178. 


There  is  therefore 


178X3.98 
(740-178)  X  22.4 


kilogram  molecules,  or 


3  78X3.98X18  n  .  ..  .  .  - 

(740 _"i 78^x22  4  =  1  ‘  kilogram  of  water  in  the  escaping  gas. 


The  heat  of  vaporization  of  pure  water  is  536  kilogram-calories  per  kilogram.  From  fig¬ 
ure  14  it  is  apparent  that  the  heat  of  vaporization  of  water  from  a  30  per  cent  sodium  hydrox¬ 
ide  solution  is  less  than  0.2  kilogram-calories  greater  than  from  pure  water.  The  total  heat  of 
vaporization  involved  is  therefore  about  540  kilogram-calories. 

The  heat  loss  from  the  surface  of  the  generator  is  about  (75.8  —  20)  X  0.21  X  60  =  700  kilogram- 
calories.  The  total  heat  lost  by  evaporation,  convection,  and  radiation  is  therefore  about  1,240 
kilogram-calories  compared  with  the  4,360  kilogram-calories  produced  by  the  reaction,  leaving 
3,120  kilogram-calories  available  to  raise  the  temperature  of  the  generator  and  its  contents. 
The  temperature  increase  is  therefore 


3120 

411+71- 


=  6.5°  approximately. 


At  the  beginning  of  the  second  minute  the  temperature  is  therefore 

75.8+6.5  =  82.3°. 


The  new  temperature  factor  is  found  to  be  0.43.  The  concentration  of  the  solution  has  not 
changed  materially;  consequently  the  concentration  factor  remains  the  same.  There  is  no 
longer  34.1  kilograms  of  ferrosilicon  present,  however.  Figure  6  shows  that  the  total  hydrogen 
yield  from  ferrosilicon  of  this  quality  is  about  0.95  liter  per  gram  or  0.95  cubic  meter  per  kilo¬ 
gram.  The  34.1  kilograms  have  already  produced  3.98  cubic  meters  out  of  a  possible  34.1  X 
0.95.  The  rate  of  reaction  is  therefore  only 

398 

100“34.1X0.95  =  87-7  Percent 


as  fast  as  the  original  rate  (fig.  7).  The  number  0.877  represents  the  ratio  of  the  surface  now 
present  to  the  original  surface  and  is  called  the  “surface  factor.7’ 

The  rate  of  reaction  is  also  affected  by  the  fact  that  some  of  the  sodium  hydroxide  has 
been  used  to  form  sodium  silicate.  From  the  volume  of  hydrogen  produced  per  kilogram  of 
sodium  hydroxide, 


3.98 

145 


0.028 


the  “sodium  hydroxide  factor77  is  found  to  be  0.99  (fig.  9). 

The  rate  of  reaction  at  the  beginning  of  the  second  minute  is  therefore  0.35x34.1  X0.43  X 
1.13x0.877x0.99  =  4.80  cubic  meters  per  minute. 

The  calculation  of  heat  of  reaction,  heat  losses,  etc.,  for  the  second  minute  are  made  in 
the  same  way  as  for  the  first  minute,  and  the  whole  computation  is  repeated  for  as  many  inter¬ 
vals  as  necessary  during  the  run.  In  order  to  obtain  a  complete  solution  of  the  problem  it  is 
necessary  to  take  account  at  all  times  of  the  temperature,  previous  yield  of  hydrogen,  amount 
of  sodium  hydroxide  present,  amount  of  ferrosilicon  present,  and  the  amount  of  water  present ; 
in  order  to  obtain  these  figures  it  is  also  necessary  to  determine  for  each  interval  the  concen¬ 
tration  of  the  solution,  the  vapor  pressure  of  the  solution,  the  water  evaporated,  the  water 
added,  the  heat  produced  by  the  reaction,  the  heat  lost  by  evaporation,  radiation,  and  con¬ 
vection,  the  heat  capacity  of  the  generator  and  its  contents,  the  “surface  factor,77  the  “con¬ 
centration  factor,77  the  “sodium  hydroxide  factor,77  and  the  “temperature  factor.77 
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The  volume  of  gas  evolved,  found  by  the  solution  of  the  problem  in  the  manner  indicated, 
is  the  volume  which  the  gas  would  occupy  at  0°  C.  and  760  millimeters  if  all  water  vapor  were 
removed.  The  volume  of  gas  leaving  the  generator  and  the  volume  leaving  the  condenser  at 
any  temperature  may,  of  course,  be  calculated  in  the  usual  manner  for  correcting  gas  volume. 

By  multiplying  the  amount  of  ferrosilicon  which  has  been  added  to  the  generator  by  the 
“surface  factor”  we  may  also  determine  the  amount  of  unattacked  ferrosilicon  in  the  generator 
at  any  time. 

All  of  the  above  quantities  have  been  computed,  for  the  case  assumed  for  1 -minute 
intervals  up  to  31  minutes  and  for  5-minute  intervals  thereafter.  The  simultaneous  values 
of  the  more  important  variables  are  shown  in  figure  16.  Starting  with  a  relatively  large  amount 
of  ferrosilicon  and  a  small  amount  of  solution  in  the  generator,  the  temperature  rises  very 
rapidly  to  90°,  the  rate  of  gas  evolution  increasing  by  more  than  50  per  cent.  Fresh  solution 
is  introduced  to  keep  the  temperature  constant,  and  the  rate  falls  off  as  the  ferrosilicon  is  used 
up.  As  soon  as  the  ferrosilicon  feed  is  started,  the  rate  of  evolution  begins  to  pick  up. 

Conditions  then  remain  practically  static  until  all  the  solution  is  introduced  and  water 
has  to  be  used  for  cooling.  This  immediately  dilutes  the  solution,  making  the  rate  of  reaction 
per  gram  of  material  progressively  slower.  Ferrosilicon  consequently  accumulates  gradually, 
the  decrease  in  reaction  from  one  cause  almost  exactly  balancing  the  increase  from  the  other. 
The  more  dilute  solution  has  a  greater  vapor  pressure  and  the  total  volume  of  hydrogen  and 
steam  leaving  the  generator  increases  considerably  in  consequence. 

When  the  solution  has  been  diluted  to  a  concentration  of  20  per  cent,  the  addition  of  water 
is  stopped.  The  temperature  immediately  begins  to  increase,  the  rate  of  reaction  also  increases, 
and  ferrosilicon  is  consumed  more  rapidly  than  it  is  added.  The  temperature  continues  to 
rise  until  the  vapor  pressure  is  so  high  that  the  heat  of  vaporization  of  the  water  evaporated, 
together  with  the  heat  loss  from  the  surface  of  the  generator,  balances  the  heat  of  reaction.  The 
excess  of  ferrosilicon  is  quickly  used  up  and  the  rate  of  consumption  of  silicon  once  more  falls  to 
approximately  the  rate  of  addition.  If  the  rate  of  reaction  per  gram  of  ferrosilicon  were  con¬ 
stant  the  total  rate  of  reaction  would  quickly  become  exactly  equal  to  the  rate  of  addition  of  fer¬ 
rosilicon.  There  is,  however,  a  continual  change  in  the  rate  of  reaction  per  gram  caused  by  two 
factors — (1)  the  exhaustion  of  the  sodium  hydroxide  tending  to  decrease  the  rate  and  (2)  the 
gradual  concentration  of  the  solution  as  water  is  evaporated.  Since  the  thermal  equilibrium 
requires  a  constant  vapor  pressure,  the  temperature  must  rise  as  the  solution  becomes  more 
concentrated,  and  this  factor  tends  to  cause  a  considerable  increase  of  the  rate  of  reaction  per 
gram.  The  temperature  increase  is  not  quite  sufficient  to  counterbalance  the  first  effect  and 
ferrosilicon  again  accumulates  while  the  rate  of  evolution  falls  off  slightly.  When  the  ferro¬ 
silicon  is  all  added,  it  is  quickly  exhausted  and  the  evolution  of  gas  drops  to  a  very  low  rate. 
Eight  minutes  after  the  addition  of  ferrosilicon  stops,  only  half  a  per  cent  of  the  363  kilograms 
introduced  into  the  generator  remain  unacted  upon. 

2.  Generator  problem,  No.  2. — Figure  17  represents  the  rate  of  evolution  (curve  a)  and  total 
yield  (curve  b)  from  the  same  amount  of  ferrosilicon  and  the  same  amount  of  sodium  hydroxide, 
under  the  same  weather  conditions  as  assumed  in  problem  1  but  with  different  conditions  of 
operation.  It  is  here  assumed  that  enough  water  is  added  to  the  alkali  in  the  mixing  tank 
to  make  a  20  per  cent  solution,  all  of  which  is  run  into  the  generator  at  the  start.  The  ferro¬ 
silicon  feed  is  then  started  at  the  uniform  rate  of  15  pounds  per  minute.  No  water  is  added 
during  the  run.  Under  these  conditions  nearly  15  minutes  are  required  to  raise  the  temperature 
to  a  point  at  which  the  reaction  goes  on  vigorously.  By  this  time  a  large  amount  of  ferrosilicon 
has  accumulated  and  the  rate  of  reaction  becomes  excessive. 

Two  additional  curves  representing  the  rate  during  the  initial  stages  of  generation  with 
different  methods  of  operation  are  shown .  Curve  c  represents  the  result  of  operating  under  the 
same  conditions  as  those  represented  by  a  except  that  only  one-fourth  of  the  solution  is  run 
into  the  generator  at  the  start.  Curve  d  represents  the  result  of  starting  the  run  with  150 
pounds  of  ferrosilicon  and  one-quarter  of  the  solution  in  the  generator;  no  more  ferrosilicon 
is  added  up  to  the  point  shown. 
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3 .  Accuracy  and  significance  of  calculations  regarding  generator  operation. — Thenumber  of  vari¬ 
ables  entering  into  such  computations  as  those  given  above  is  so  great  and  the  data  uspa  in  some 
cases  so  unsatisfactory  that  the  results  can  not  be  regarded  as  possessing  a  high  degree  of  absolute 
accuracy.  This  is  particularly  true  in  the  case  of  the  calculations  concerning  temperature 
changes  in  the  generator.  Thus  in  problem  1  the  time  required  to  raise  the  temperature  of  the 
generator  to  90°  C.  is  computed  to  be  about  three  minutes.  It  would  not  be  at  all  surprising 
if  the  time  required  in  practice  were  found  to  be  two  minutes  or  five  minutes.  The  data  are 
hardly  less  useful  on  that  account,  however,  since  they  enable  one  to  compute  with  a  considerable 
degree  of  accuracy  the  relative  effect  of  the  more  important  possible  variations  in  generator 
operation  and  indicate  with  certainty  the  direction  and  order  of  magnitude  of  almost  any  change 
in  the  conditions  or  methods  of  generation. 

In  the  first  example  given  it  is  readily  apparent  that  the  low  rate  of  evolution  between  the 
fourth  and  twelfth  minutes  could  have  been  largely  avoided  by  allowing  the  temperature  to 


increase  further  before  adding  water,  and  that  the  peak  rate  at  about  20  minutes  would  have 
been  avoided  by  the  same  procedure.  This  peak  could  also  have  been  avoided  by  gradually 
decreasing  the  amount  of  cooling  water  instead  of  cutting  off  the  supply  suddenly. 

F.  CONCLUSIONS  FROM  THEORETICAL  GENERATOR  RUNS. 

In  spite  of  the  many  conditions  affecting  the  rate  of  reaction  of  a  given  amount  of  ferro- 
silicon,  the  rate  of  gas  evolution  during  the  the  major  part  of  the  generator  run  is  primarily 
a  function  of  the  rate  of  feed  of  ferrosilicon.  Whatever  the  conditions  of  temperature  and 
concentration  of  solution,  provided  they  are  reasonably  constant,  and  whatever  the  composition 
and  fineness  of  the  ferrosilicon,  if  the  ferrosilicon  feed  is  regular  the  material  will  accumulate 
in  the  generator  until  the  amount  of  reacting  surface  is  such  that  the  rate  of  solution  will  closely 
approximate  the  rate  of  addition.  Whether  the  rate  of  solution  is  greater  or  less  than  the  rate 
of  addition  of  material  depends  upon  whether  conditions  are  changing  to  make  the  rate  of 
reaction  per  unit  weight  of  ferrosilicon  more  or  less  rapid.  In  choosing  conditions  it  is  necessary 
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to  determine :  (1)  That  equilibrium  will  be  quickly  reached  without  generating  gas  at  an  excessive 
rate;  (2)  that  there  will  be  no  sudden  variations  of  generator  conditions,  particularly  of  tem¬ 
perature,  which  will  greatly  disturb  the  established  equilibrium  ;  and  (3)  that  the  material  in 
the  generator  after  the  ferrosilicon  is  all  added  may  be  quickly  and  completely  exhausted. 

1 .  Temperature  control  during  generation. — The  first  requirement  of  successful  operation  is 
that  the  temperature  of  the  generator  be  quickly  raised  at  the  beginning  of  the  run  to  the  point 
at  which  equilibrium  is  to  be  established,  and  that  this  be  done  without  accumulating  a  large 
surplus  of  ferrosilicon  in  the  generator.  The  ideal  condition  is  of  course  to  adjust  conditions 
so  that  when  the  temperature  reaches  the  desired  point  the  amount  of  ferrosilicon  in  the  gener¬ 
ator  will  be  just  sufficient  to  produce  hydrogen  at  the  average  rate  for  the  run. 

If  the  generator  temperature  is  to  be  increased  to  the  desired  point  only  by  the  heat  of 
solution  of  sodium  hydroxide  and  the  heat  of  reaction  with  ferrosilicon  it  will  probably  be  best 
to  start  with  as  concentrated  a  solution  as  can  be  quickly  prepared  and  to  use  only  a  part  of 
the  solution  with  a  comparatively  large  amount  of  ferrosilicon  until  the  temperature  reaches 
that  at  which  it  is  desired  to  establish  equilibrium.  The  ferrosilicon  feed  may  then  be  started 
and  more  solution  and  water  added  as  required  to  keep  the  temperature  at  the  desired  point. 
The  temperature  chosen  for  equilibrium  should  be  determined  by  the  following  considerations: 

(a)  It  is  desirable  to  have  the  rate  of  reaction  per  unit  weight  of  ferrosilicon  as  rapid  as 
possible  at  the  end  of  the  run  in  order  to  avoid  waste  of  time  and  material. 

(b)  The  rate  of  reaction  per  unit  weight  of  ferrosilicon  at  the  end  of  the  run  can  be 
made  a  maximum  for  a  solution  of  given  concentration  by  permitting  the  temperature  to  rise 
until  thermal  equilibrium  is  established  between  the  heat  of  reaction  on  the  one  hand  and  the 
heat  of  vaporization  and  other  heat  losses  on  the  other. 

(c)  The  rate  of  reaction  per  gram  is  increased  by  increasing  the  concentration  of  the  solu¬ 
tion,  but  the  allowable  change  in  this  direction  is  strictly  limited  by  the  fact  that  concentrated 
solutions  containing  much  dissolved  silicon  become  very  viscous.  It  is  probable  that  to  utilize 
the  materials  economically  the  solution  at  the  end  of  the  reaction  should  never  contain  more 
than  33  parts  of  sodium  hydroxide  per  100  parts  of  water  (a  25  per  cent  solution).  Twenty- 
five  parts  of  sodium  hydroxide  per  hundred  of  water  (i.  e.,  a  20  per  cent  solution)  would  be  a 
safer  limit. 

(d)  The  temperature  must  be  kept  from  changing  rapidly  at  any  time  after  equilibrium  is 
established.  This  is  most  readily  accomplished  by  keeping  it  nearly  uniform,  and  in  order  to 
fulfill  the  other  requirements  this  working  temperature  must  be  slightly  below  the  temperature 
at  the  end  of  the  run. 

The  use  of  some  aluminum  powder  will  permit  a  much  more  rapid  heating  of  the  generator 
than  can  be  accomplished  by  the  use  of  ferrosilicon  alone,  especially  when  at  fairly  low  tem¬ 
peratures;  and  this  preliminary  use  of  aluminum  will  probably  make  it  much  easier  to  avoid 
excessive  rates  of  reaction  after  the  operating  temperature  is  reached.  In  case  aluminum  is 
used,  it  will  be  far  more  economical  and  probably  as  satisfactory  in  every  way  to  start  with  a 
fraction  of  the  solution  than  to  heat  it  all  up  at  once.  It  will  also  be  an  advantage  to  introduce 
a  considerable  amount  of  ferrosilicon  at  the  very  start  in  order  to  secure  a  greater  proportion 
of  the  necessary  amount  of  heat  from  this  material  as  the  temperature  rises.  It  is  apparent 
from  figure  16  that  only  two  or  three  minutes  are  required  to  heat  up  the  generator  from  75°  C. 
with  ferrosilicon  alone.  Consequently  it  seems  unnecessary  to  use  more  aluminum  than  is 
required  to  produce  this  temperature. 

From  data  supplied  by  the  Aluminum  Co.  of  America  it  appears  that  about  1  gram  of  grained 
aluminum  will  raise  the  temperature  of  1  gallon  (3.8  kilograms)  of  solution  1°  C. 

A  satisfactory  result  could  probably  be  obtained  by  noting  the  temperature  of  the  generator 
at  the  start  and  introducing  1  kilogram  of  aluminum  per  100  gallons  (or  380  kilograms)  of  solu¬ 
tion  for  every  10°  below  75°  C.  together  with  the  amount  of  ferrosilicon  which  would  be  intro¬ 
duced  if  the  temperature  were  already  75°.  The  amount  of  this  initial  charge  will  be  dis¬ 
cussed  in  the  second  section  following. 
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2.  Choice  of  equilibrium  temperature. — Figure  18  shows  the  temperatures  at  which  the  heat 
of  vaporization  of  the  water  carried  away  from  solutions  of  various  concentrations  will  be  equal 
to  the  heat  of  reaction.  These  are  the  maximum  temperatures  beyond  which  the  generator 
temperature  could  not  rise  if  there  were  no  heat  losses  other  than  through  evaporation.  On  a 
still,  hot  day  these  temperatures  will  be  approached  closely  if  no  cooling  water  is  used.  In 
very  cold  weather,  and  especially  when  a  strong  wind  is  blowing,  the  maximum  temperature 
obtainable  will  be  several  degrees  lower. 

The  temperature  of  the  generator  should  be  allowed  to  rise  at  the  beginning  of  the  run  to 
within  2°  or  3°  of  the  maximum  temperature  possible  for  the  solution  of  the  concentration 
desired  at  the  end  of  the  run.  The  temperature  should  be  kept  at  this  point  by  means  of  the 
water  spray  until  the  amount  of  water  required  is  very  small.  The  water  should  then  be  turned 
off  entirely  and  the  temperature  allowed  to  rise  gradually,  as  it  will  do.  If  this  point  is  reached 
before  the  run  is  half  over  and  the  discharged  sludge  is  very  viscous,  a  lower  operating  tempera¬ 
ture  should  be  chosen  for  the  next  run.  If  water  cooling  is  required  up  to  the  very  end  of  the 
run,  a  higher  operating  temperature  should  be  maintained. 


3.  Initial  charge  of  ferrosilicon. — As  already  pointed  out,  the  initial  charge  of  ferrosilicon 
should  be  such  that  when  the  generator  temperature  reaches  the  desired  equilibrium  value 
the  rate  of  reaction  will  be  the  desired  average  rate  for  the  run.  In  the  case  assumed  in  prob¬ 
lem  1  about  12  kilograms  of  ferrosilicon,  containing  about  70  per  cent  silicon,  was  consumed  in 
raising  the  temperature  of  the  generator  from  75°  to  90°.  The  temperature  should  have  been 
raised  to  about  95°  to  avoid  the  irregularities  in  rate  which  resulted  from  too  low  a  temperature. 
The  amount  of  silicon  required  to  increase  the  temperature  of  100  gallons  of  solution  to  the  oper¬ 
ating  temperature  is  therefore  about 


12X0.70X20X3.8 

15X4.11 


10.5  kilograms. 


The  weight  of  ferrosilicon  required  is  found  by  dividing  10.5  by  the  per  cent  of  silicon  con¬ 
tained.  The  generators  in  most  common  use  are  designed  to  deliver  12,000  cubic  feet  per  hour, 
equal  to  5.7  cubic  meters  per  minute.  In  addition  to  the  amount  consumed  in  raising  the 
167080— S.  Doc.  307,  65-3 - 29 
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temperature,  there  should  be  enough  material  to  produce  hydrogen  at  the  rate  of  5.7  cubic 
meters  per  minute  under  operating  conditions.  Thus  for  the  70  per  cent  ferrosilicon  used 
in  problem  1  the  initial  charge  should  consist  of  about 

10.5,  5.7  onl., 

0.70  +  0.35  X  0.83  X  1.13  32  kllograms- 

The  numbers  0.35,  0.83,  and  1.13  occurring  in  the  denominator  of  the  second  fraction 
are  the  initial  rate  of  reaction  in  20  per  cent  solution  at  100°,  the  temperature  factor,  and  the 
concentration  factor,  respectively. 

If  88  per  cent  ferrosilicon  ground  to  pass  a  100-mesh  sieve  (fig.  5)  were  to  be  used,  the 
initial  charge  should  be  about 

10.5  ,  5.7  QO  ,  ;1 

0788  +  0.72  X  0.83  X  1.13  22  klograms. 

If  32  kilograms  of  this  material  were  used,  the  rate  of  evolution  when  the  working  temperature 
was  reached  would  be  about  double  the  desired  rate. 

4.  Composition  and  fineness  of  ferrosilicon. — If  the  best  conditions  of  temperature  control 
and  generator  operation  indicated  above  are  adhered  to,  the  relative  advantage  of  using  ferro¬ 
silicon  having  different  rates  of  reaction  because  of  differences  in  composition  or  fineness  is 
easily  determined.  If  the  temperature  is  fairly  high,  it  is  only  necessary  to  add,  at  the  start, 
the  amount  of  material  determined  in  accordance  with  the  principles  discussed  in  the  last 
section.  The  temperature  will  then  quickly  rise  to  the  desired  value,  the  time  wasted  with 
the  more  slowly  reacting  material  being  practically  negligible.  If  the  temperature  is  very  low, 
however,  it  can  not  be  quickly  raised  with  a  slowly  reacting  material  except  by  introducing 
so  large  an  amount  that  the  rate  of  reaction  becomes  excessive  when  the  generator  once  gets 
hot.  In  some  cases  it  might  be  impossible  to  produce  sufficient  reaction  with  low  grade  material 
to  balance  surface  heat  losses;  it  would  then  be  impossible  to  operate  the  generator  at  all. 
If,  however,  aluminum  is  used,  as  recommended  above,  there  is  little  advantage,  so  far  as  the 
initial  stages  of  generation  are  concerned,  in  using  a  high  grade  or  finely  powdered  material. 

When  once  the  reaction  is  proceeding  at  the  desired  rate,  and  the  temperature  and  rate  of 
addition  of  ferrosilicon  are  kept  constant,  it  is  obvious  that  generation  will  proceed  at  the  same 
rate  for  any  material  until  all  the  ferrosilicon  has  been  fed  into  the  generator.  The  amount 
of  ferrosilicon  present  is  then  inversely  proportional  to  the  rate  of  reaction  per  gram  of  material, 
and  at  whatever  time  the  run  is  stopped  the  amount  of  material  wasted  in  the  two  cases  is  in 
this  same  ratio.  The  amount  wasted  at  the  end  of  the  reaction  is  not  large  if  a  reasonable  time 
is  allowed  for  the  reaction  to  cease.  The  material  assumed  for  problem  1  was  about  as  slow 
acting  as  there  will  probably  be  occasion  to  use;  the  amount  unattacked  when  the  addition 
of  material  ceased  was  about  10  per  cent;  five  minutes  later  it  was  about  2  per  cent,  and  in  an, 
other  five  minutes  it  had  fallen  to  half  of  1  per  cent.  It  is  clear,  therefore,  that  even  coarse, 
iow-grade  material  does  not  unduly  prolong  the  period  for  reasonably  complete  reaction. 

5.  Amount  of  sodium  hydroxide. — Figure  19  shows  the  total  yield  of  hydrogen  computed 
from  the  experimental  data  shown  in  figure  9,  for  the  same  amount  of  88  per  cent  ferrosilicon 
added  at  the  same  constant  rate  to  four  different  amounts  of  20  per  cent  sodium  hydroxide 
solution  during  a  period  of  one  hour,  the  temperature  and  concentration  being  assumed  constant 
during  the  interval.  The  hydrogen  yield  during  60  minutes  under  these  conditions  is  plotted 
against  amount  of  alkali  in  figure  20. 

From  the  data  of  these  curves  were  computed  the  total  weight  and  the  total  cost  of  the 
ferrosilicon  and  sodium  hydroxide  (assumed  to  be  12.5  and  6  cents  per  pound,  respectively)  to 
produce  1  cubic  meter  of  gas. 

The  results  are  given  in  figure  21,  from  which  it  appears  that  the  greatest  economy  will 
be  obtained  by  using  about  seven-tenths  as  much  sodium  hydroxide  as  ferrosilicon  of  this  com¬ 
position,  or  about  eight-tenths  as  much  sodium  hydroxide  as  silicon  present  in  the  material. 
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There  is,  however,  but  little  waste  in  using  equal  weights  of  ferrosilicon  and  sodium  hydroxide, 
and  such  a  practice  would  decrease  the  danger  of  obtaining  very  viscous  solutions  at  the  end 
of  the  run.  On  the  other  hand,  it  costs  more  to  produce  a  given  volume  of  hydrogen  when  too 
little  sodium  hydroxide  is  used  only  because  ferrosilicon  remains  unacted  upon  at  the  end  of 
the  run.  It  has  already  been  pointed  out  that  the  amount  of  material  wasted  decreases  very 
rapidly  when  generation  is  permitted  to  proceed  for  a  short  time  after  the  material  is  added; 
hence  when  haste  is  not  an  important  object  greater  economy  could  no  doubt  be  secured  by 
using  a  still  smaller  proportion  of  alkali  than  7  parts  to  10. 

G.  SWEEPING  OUT  THE  GENERATOR. 

The  hydrogen  first  coming  from  the  generator  is,  of  course,  contaminated  with  the  air  in 
the  generator  at  the  beginning  of  the  run.  Since  it  is  undesirable  to  run  this  air  into  the  balloon, 
the  gas  first  produced  should  be  allowed  to  escape  into  the  atmosphere.  The  volume  of  hydrogen 


which  must  be  wasted  before  the  desired  purity  is  reached  depends  upon  the  volume  of  gas 
space  to  be  swept  out  and  is  constant  for  a  given  generator  and  a  given  initial  charge  of  solution. 
Since  a  definite  amount  of  heat  is  produced  when  a  definite  mass  of  hydrogren  is  evolved, 
the  easiest  and  most  reliable  way  of  determining  when  the  desired  volume  of  hydrogen  has 
been  liberated  is  to  observe  the  rise  of  temperature  of  the  solution. 

In  the  following  discussion  of  the  temperature  increase  corresponding  to  various  degrees  of 
purity  of  hydrogen  at  the  outlet  of  the  generator  it  is  assumed  that  the  gases  within  the  generator 
are  uniformly  mixed.  This  is  a  safe  assumption,  since  the  hydrogen  is  liberated  uniformly,  or 
nearly  so,  over  the  bottom  of  the  generator  and  any  settling  of  the  air  at  the  bottom  without 
mixing  is  inconceivable.  On  the  other  hand,  it  is  to  be  expected  that  the  hydrogen  will  to  a 
considerable  extent  displace  the  air  without  mixing.  If  there  were  no  mixing  at  all,  the  volume 
of  hydrogen  required  to  sweep  the  air  out  completely  would,  of  course,  be  equal  to  the  volume 
of  the  gas  space. 
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Assuming  uniform  mixing  of  the  gas  within  the  generator  at  all  times,  it  may  be  shown 
that  the  ratio  R  of  the  volume  of  hydrogen  evolved  to  the  volume  of  the  gas  space  into 
which  it  is  liberated  is  given  by  the  equation 

1 

R  =  loge  a 

1  “loo 

where  a  is  the  percentage  of  hydrogen  in  the  generator. 

From  this  equation  and  the  thermochemical  data  already  given  it  is  possible  to  compute 
the  rise  of  temperature  of  the  generator  and  its  contents  when  under  any  given  set  of  conditions 
before  a  gas  of  a  given  purity  is  obtained. 

In  making  the  computation  for  the  cases  shown  in  figures  22  and  23  the  following  assump¬ 
tions  were  made: 

1.  That  there  is  perfect  mixing  of  the  gases  within  the  generator. 

2.  That  all  the  heat  produced  by  the  reaction  goes  to  heat  the  solution  or  to  evaporate 
water  from  the  solution. 

3.  That  the  molecular  volume  of  water  vapor  is  equal  to  that  of  a  perfect  gas  at  the  same 
temperature  and  pressure. 

4.  That  normal  barometric  pressure  (760  millimeters  of  mercury)  exists. 

5.  That  the  effect  of  concentrating  the  solution  through  evaporation  during  the  reaction 
is  inappreciable. 

The  first  two  assumptions  are  on  the  side  of  safety  and  they  will  more  than  overbalance 
any  probable  errors  in  the  opposite  direction  from  an  abnormally  high  barometric  pressure  or 
other  cause.  The  hydrogen  after  a  given  temperature  increase  will  therefore  always  be  some¬ 
what  purer  than  is  indicated  by  the  figures  22  and  23. 

Figure  22  shows  the  increase  of  temperature  from  an  initial  temperature  of  75°,  correspond¬ 
ing  to  the  production  of  hydrogen  of  65,  80,  and  99  per  cent  purity  for  all  ratios  of  volume  of 
gas  space  to  volume  of  solution  up  to  60.  The  curve  for  65  per  cent  was  constructed  because 
this  is  about  the  lowest  percentage  of  hydrogen  which  will  not  explode  if  ignited.  It  is  common 
balloon  practice  to  reject  hydrogen  of  less  than  80  per  cent  purity  because  of  its  low  lifting  power. 
This  is  therefore  the  purity  which  it  is  desirable  to  reach  before  allowing  the  gas  to  enter  the 
balloon.  The  curve  for  99  per  cent  purity  is  given  as  a  matter  of  interest. 

Figure  23  shows,  for  several  ratios  of  gas  space  to  volume  of  solution,  the  temperature 
increase  necessary  to  produce  hydrogen  of  80  per  cent  purity  when  starting  the  generation  at 
any  temperature.  Under  the  conditions  recommended  for  operating  the  generators  now  in 
use,  the  space  to  be  swept  out  is  about  15  times  the  volume  of  the  solution  in  the  generator  at 
the  beginning  of  the  run. 

If  a  more  dilute  solution  than  30  per  cent  is  used,  or  if  the  barometric  pressure  is  lower,  a 
somewhat  purer  gas  will  be  obtained  for  a  given  temperature  increase  than  that  indicated  in 
the  figures  because  of  the  cooling  effect  of  increased  evaporation. 


APPENDIX. 

SUGGESTIONS  AND  TENTATIVE  OPERATING  DIRECTIONS. 

The  following  suggestions  and  operating  directions  are  intended  to  summarize  in  a  concise 
form  the  practical  applications  of  the  foregoing  theory.  From  the  nature  and  complexity  of 
the  problem  it  is  not  to  be  expected  that  the  exact  details  specified  will  be  the  best  in  every 
case,  but  it  is  hoped  that  the  principles  already  developed  will  enable  the  operators  to  quickly 
determine  from  field  experience  the  points  at  which  these  directions  are  at  fault  and  to  make 
the  necessary  modifications  at  once.  Following  the  specific  directions  are  comments  upon 
possible  modifications. 

1.  Purchase  of  material. — (a)  Ferrosilicon,  if  purchased  on  the  basis  of  content  of  silicon, 
should  contain  not  less  than  75  per  cent  of  that  element.  If  purchased  on  the  basis  of 
yield  of  gas,  it  should  evolve  not  less  than  1.1  liters  of  dry  hydrogen  per  gram  measured  at 
0°  C.  and  760  millimeters  pressure. 

(b)  The  choice  of  ferrosilicon  containing  more  than  80  per  cent  of  silicon  should  be  governed 
by  total  cost  per  unit  volume  of  hydrogen  obtainable. 

(c)  The  ferrosilicon  should  be  ground  at  least  fine  enough  to  pass  a  16-mesh  sieve.  It  is 
some  advantage  to  have  it  finer  than  this,  but  the  advantage  probably  would  not  justify  an 
increased  cost  of  more  than  5-10  per  cent  for  grinding. 

( d )  Sodium  hydroxide  should  be  purchased  on  the  basis  of  content  of  sodium  hydroxide 
allowing  nothing  for  sodium  carbonate,  which  is  of  no  value. 

2.  Computation  of  generator  charges. — For  each  lot  of  material  purchased  the  following 
points  should  be  determined  once  for  all,  either  by  test  or  by  computation,  using  the  data  given 
in  this  report  with  such  modifications  as  experience  may  prove  desirable: 

(a)  Determine  the  total  gas  yield  per  unit  weight  of  ferrosilicon. 

( b )  Determine  the  initial  rate  of  reaction  per  unit  weight  of  ferrosilicon,  for  the  conditions 
under  which  equilibrium  is  to  be  established  in  the  generator. 

(c)  Compute  the  total  generator  charge  to  be  used  for  a  single  run,  from  the  volume  of  gas 
desired  and  the  total  yield  obtainable  from  the  material. 

(d)  Compute  the  rate  of  ferrosilicon  feed,  from  the  total  yield  per  unit  weight  of  material 
and  the  capacity  of  the  washer-cooler  system  (or  the  danger  of  foaming  if  that  proves  to  be  the 
limiting  factor),  on  the  assumption  that  the  rate  of  consumption  of  material  will  equal  the 
rate  of  feed. 

( e )  Compute  the  initial  charge,  in  the  manner  described  in  section  F-3  of  this  report. 

if)  Compute  the  charge  of  sodium  hydroxide.  The  weight  of  sodium  hydroxide  used 
should  be  about  80  per  cent  of  the  weight  of  silicon  in  the  ferrosilicon  charge.  Probably  a  good 
rule  would  be  to  use  whole  packages  if  possible,  always  using  a  weight  of  sodium  hydroxide 
between  80  per  cent  and  100  per  cent  of  the  weight  of  silicon. 

(g)  Compute  the  amount  of  water  required  to  make  a  30  per  cent  solution  with  the  sodium 

hydroxide  charge  specified. 

(h)  From  the  data  of  figure  22,  compute  for  the  operating  conditions  to  be  used  the  tem¬ 
perature  rise  corresponding  to  a  purity  of  hydrogen  of  80  per  cent. 

3.  Operating  directions.— (a)  Introduce  into  the  mixing  tank  the  amount  of  water  specified 
(2g),  start  the  stirring  machinery,  and  add  the  amount  of  sodium  hydroxide  specified  (2 f). 

( b )  Fill  the  ferrosilicon  hopper,  but  do  not  start  the  feed. 

(c)  When  solution  of  the  alkali  is  complete,  run  100  gallons  (or  380  liters)  of  the  solution 
into  the  generator.  Read  the  temperature.  If  the  solution  is  very  cold,  and  especially  if  there 
is  reason  for  haste,  add  at  one  time  1  kilogram  (or  2.5  pounds)  of  grained  aluminum  for  every 
10  degrees  below  75°  C.,  and  the  specified  initial  charge  of  ferrosilicon  (2e). 
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(d)  Let  hydrogen  run  to  waste  until  the  temperature  has  risen  the  predetermined  amount 
(2 h),  then  pass  into  the  storage  tank  or  the  balloon. 

(e)  Watch  the  temperature  of  the  generator  carefully.  When  it  reaches  95°,  start  the 
silicon  feed  at  the  specified  rate  (2d)  and  start  to  run  in  additional  solution  from  the  mixing 
tank  and,  if  necessary,  cooling  water  as  fast  as  required  to  keep  the  temperature  constant  at 
95°.  Introduce  the  solution  as  rapidly  as  possible  without  lowering  the  temperature;  but 
introduce  water  before  the  addition  of  all  the  solution  only  if  it  is  necessary  to  keep  the  tempera¬ 
ture  from  rising. 

(/)  Put  more  ferrosilicon  in  the  hopper  before  the  material  first  introduced  is  all  exhausted. 
Continue  to  do  so  until  the  specified  charge  (2c)  is  all  introduced. 

(g)  When  the  amount  of  cooling  water  required  to  keep  the  temperature  constant  becomes 
very  small  (it  will  never  become  zero),  stop  it  entirely.  If  the  temperature  then  rises  more 
rapidly  than  one  or  two-tenths  of  a  degree  per  minute,  begin  cooling  again. 

(h)  Record  any  indications  of  irregular  evolution  of  gas  or  low  yield.  Note  and  record  the 
condition  of  the  sludge  when  discharged,  whether  it  appears  sticky  or  doughlike  or  whether 
the  grains  of  material  appear  distinct  and  easily  separable. 

4.  Comments  upon  directions  given. —  la.  It  is  recommended  that,  following  the  French 
practice,  the  quality  of  ferrosilicon  be  specified  on  the  basis  of  hydrogen  yield.  There  are  two 
reasons  for  this:  (1)  The  hydrogen  yield  is  much  more  easily  and  quickly  determined  than  the 
percentage  of  silicon;  and  (2)  the  hydrogen  yield  is  the  property  of  immediate  value,  and  it 
may  not  always  be  proportional  to  the  silicon  content  as  determined  by  analysis.  For  example, 
a  mixture  of  sand  and  ferrosilicon  containing  91  per  cent  of  silicon  element,  so  proportioned 
that  the  free  and  combined  silicon  forms  85  per  cent  of  the  mixture,  will  yield  only  92  per  cent 
as  much  hydrogen  as  ferrosilicon  of  uniform  composition  containing  85  per  cent  of  silicon  ele¬ 
ment.  Yet  both  samples  would  show  the  same  percentage  of  silicon  if  analyzed  by  the  usual 
methods.  On  the  other  hand,  some  hydrogen  is  formed  from  aluminum  and  perhaps  other 
impurities  in  the  ferrosilicon. 

The  following  method  of  determining  yield  of  hydrogen  is  recommended :  The  apparatus 
required  is  shown  in  figure  1,  in  which  A  is  a  500  cc.  flask  of  pyrex  glass  sufficiently  heavy  to 
stand  evacuation.  This  flask  is  connected  as  shown  to  the  bottle  B  in  which  the  evolved  gas  is 
collected  and  the  bottle  C  in  which  its  volume  is  determined  by  measuring  with  the  graduated 
cylinder  D  the  volume  of  water  displaced.  The  stopper  of  A  carries  a  dropping  funnel  E,  and  a 
connection  to  a  source  of  reduced  pressure  and  to  the  mercury  manometer  F.  Provision  is 
made  for  connecting  bottle  G  to  a  source  of  pressure  or  of  suction,  or  for  opening  it  to  the  atmos¬ 
phere  at  will. 

A  2-gram  sample  of  the  ferrosilicon  is  weighed  into  the  flask  A,  100  cc.  of  water  is  added, 
the  flask  is  opened  to  the  vacuum  line,  and  the  contents  boiled  until  all  the  air  has  been  expelled 
by  water  vapor.  The  vacuum  is  then  shut  off,  100  cc.  of  40  per  cent  sodium  hydroxide  solu¬ 
tion  is  placed  in  the  dropping  funnel,  and  the  alkali  is  let  into  A  drop  by  drop  until  the  evolu¬ 
tion  of  hydrogen  begins.  As  soon  as  the  pressure  in  A  approaches  atmospheric,  as  shown  by 
the  mercury  manometer,  the  stopcock  into  B  is  opened  and  the  evolved  gas  passes  into  B,  dis¬ 
placing  the  water  into  G,  which  is  open  to  the  air.  The  addition  of  the  alkali  to  A  is  now 
continued  carefully,  the  temperature  being  kept  near  the  boiling  point  at  all  times.  When  all 
the  alkali  has  been  added  and  the  reaction  slows  down,  the  heat  is  increased  and  the  solution 
allowed  to  boil  for  one  hour.  A  is  then  filled  with  water  through  the  dropping  funnel,  the  gas 
is  run  into  C,  and  the  amount  of  water  displaced  from  C  measured.  When  all  the  gas  has 
been  forced  into  C,  it  is  brought  to  atmospheric  pressure  by  raising  the  measuring  vessel  until 
the  water  stands  at  the  same  level  as  in  C,  the  end  of  the  delivery  tube  being  kept  under  water 
at  all  times.  The  temperature  of  the  displaced  water  is  determined  and  the  volume  of  the  gas 
corrected  to  standard  conditions  of  temperature  and  pressure. 

1c.  If  the  ferrosilicon  is  to  lie  used  under  conditions  of  known  cold  and  windy  and  variable 
weather,  particularly  at  a  high  altitude,  it  will  probably  be  best  to  have  the  material  finely 
ground  in  order  to  permit  easier  temperature  control  at  the  beginning  of  the  run.  If  foaming 
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causes  trouble,  but  little  difficulty  is  experienced  in  getting  up  to  the  desired  operating  tempera¬ 
ture,  it  may  prove  desirable  to  use  a  coarse  material. 

2c.  If  the  generator  is  to  be  used  to  fill  a  balloon  of  given  size  without  the  aid  of  a  nurse 
balloon  or  relief  holder,  an  integral  number  of  charges  should  be  used  to  fill  the  balloon,  the 
weight  of  each  charge  being  computed  from  the  total  yield  per  unit  weight  of  ferrosilicon.  If 
the  generator  is  to  be  operated  to  keep  up  a  supply  in  a  holder,  the  amount  of  a  charge  should 
be  as  large  as  the  capacity  of  the  generator  will  allow,  using  an  integral  number  of  packages 
of  materials.  A  considerable  saving  both  of  time  and  material  can  be  gained  by  increasing  the 
charge  and  correspondingly  increasing  the  time  required  to  exhaust  it.  If  the  reduced  amount 
of  solution  recommended  in  this  report  is  used,  it  may  be  possible  to  very  materially  increase 
the  charge  in  this  way. 

2d.  The  permissible  rate  of  ferrosilicon  feed  for  a  generator  and  condenser  of  a  given  size 
and  form  should  be  determined  once  for  all.  Unless  there  is  trouble  from  foaming,  the  maxi¬ 
mum  permissible  rate  is  that  above  which  the  outlet  gas  shows  a  temperature  appreciably 
higher  than  that  of  the  condenser  water  or  contains  sodium  hydroxide  spray. 

2c.  Some  sort  of  device  for  determining  the  rate  of  evolution  of  gas  is  very  desirable.  A 
Venturi  meter  of  the  type  used  on  the  French  machines  is  sufficiently  accurate.  If  such  a  meter 
is  attached,  it  is  easy  to  determine  whether  the  amount  of  initial  charge  is  correct.  When  tho 
temperature  of  the  generator  reaches  the  operating  temperature,  the  feed  is  started  at  the  full 
rate.  If  the  rate  of  evolution  of  gas  then  decreases  during  the  next  few  minutes  while  the  tem¬ 
perature  is  kept  constant,  the  initial  charge  was  too  large.  If,  on  the  other  hand,  the  rate  of 
evolution  increases  when  the  feed  is  started,  the  initial  charge  may  advantageously  be  increased. 

2 j.  When  speed  is  of  primary  importance  in  the  generation,  there  will  be  some  advantage 
in  increasing  the  amount  of  sodium  hydroxide  used.  When,  however,  time  is  of  little  impor¬ 
tance,  economy  can  be  gained  by  keeping  the  amount  of  sodium  hydroxide  at  the  minimum 
figure  given.  The  amount  of  sodium  hydroxide  should  probably  never  be  much  lower  than 
this.  If  a  pressure  record  of  the  rate  of  evolution  is  kept,  it  will  give  some  indication  of  whether 
enough  alkali  is  being  used  or  not.  If  there  is  a  rather  sharp  diminution  in  rate  near  the  end 
of  the  run,  with  a  constant  or  rising  temperature,  it  is  a  pretty  good  indication  that  more  sodium 

hydroxide  would  save  time  and  perhaps  money. 

2g.  If  an  excessive  amount  of  time  is  required  to  get  the  sodium  hydroxide  into  solution, 
and  particularly  if  the  temperature  in  the  mixing  tank  passes  through  a  maximum  before  solu¬ 
tion  is  complete,  the  solution  is  being  made  too  concentrated.  If  the  alkali  goes  into  solution 
promptly  and  there  is  difficulty  in  starting  generation  when  the  solution  is  run  into  the  gener¬ 
ator,  the  solution  may  advantageously  be  made  more  concentrated. 

A  30  per  cent  solution  is  chosen  rather  arbitrarily  as  representing  about  the  strongest 
solution  which  can  be  made  up  rapidly.  At  any  rate,  there  is  but  little  advantage  from  any 
standpoint  in  making  a  solution  much  stronger  than  this.  When  working  at  a  high  altitude, 
there  is  some  advantage  in  having  the  solution  somewhat  more  concentrated  at  all  times  during 
the  run  than  when  working  at  a  low  altitude,  because  the  vapor  pressure,  and  consequently 
the  heat  losses  and  the  equilibrium  temperature,  are  then  nearer  normal. 

3c.  The  amount  of  solution  introduced  into  the  generator  at  the  start  is  here  chosen  arbi¬ 
trarily.  It  may  be  found  preferable,  in  practice,  to  use  more  or  less  than  this  amount,  and  it 
may  be  found  advantageous  to  change  the  amount  for  different  weather  conditions.  When 
starting  with  a  cold  solution  it  should  always  be  possible  to  economize  upon  the  amount  of 
aluminum  necessary  by  reducing  (within  reasonable  limits)  the  amount  of  solution  used  at  the 
start,  but  it  is  probable  that  a  very  great  reduction  would  result  in  considerable  loss  of  time. 

3c.  The  exact  operating  temperature,  here  somewhat  arbitrarily  chosen,  must  be  fixed  by 
experience.  It  can  not  be  made  as  high  as  was  formerly  used  without  allowing  the  solutions  to 
become  very  concentrated  toward  the  end  of  the  run,  and  this  condition  does  not  permit  economy 
in  the  use  of  sodium  hydroxide.  The  amount  of  sodium  hydroxide  to  be  used  should  be  chosen 

without  regard  to  this  factor. 
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If  it  is  then  found  necessary  to  add  a  considerable  amount  of  water  until  the  very  end  of 
the  run  in  order  to  keep  the  temperature  down,  the  operating  temperature  chosen  is  too  low.  If 
the  amount  of  water  required  is  very  small  early  in  the  run  and  the  discharged  sludge  is  very 
viscous,  the  operating  temperature  is  too  high.  Some  difference  in  choice  of  operating  tem¬ 
perature  should  probably  be  made  for  different  weather  conditions.  These  changes  will  have 
to  be  determined  by  experience.  In  general,  it  may  be  said  that  a  high  wind  velocity  has  a 
greater  effect  than  a  low  temperature  or  a  low  barometer. 

It  is  of  no  great  consequence  whether  cooling  water  and  fresh  solution  are  introduced 
together  or  not  provided  the  solution  is  all  introduced  before  the  rate  begins  to  fall  off  appre¬ 
ciably  because  of  the  exhaustion  of  the  sodium  hydroxide. 

If  there  is  any  foaming  over  at  any  time  during  the  run  or  if  the  gas  leaves  the  washer  at  a 
temperature  appreciably  higher  than  that  of  the  inlet  water,  the  rate  of  feed  of  ferrosilicon  is  too 
high.  The  temperature  of  the  outlet  gas  should  be  carefully  watched.  If  it  shows  a  sudden  in¬ 
crease  while  the  ferrosilicon  feed  is  maintained  at  the  usual  rate,  the  fault  is  in  the  washer  and 
should  be  remedied  as  soon  as  possible.  In  the  meantime  the  rate  of  feed  of  ferrosilicon  should 
be  decreased  enough  to  allow  the  gas  to  pass  out  well  cooled,  especially  if  the  gas  is  being  run 
directly  into  a  balloon.  If  the  gas  is  passing  into  a  relief  holder,  thorough  cooling  is  less  essential. 

3 g.  It  may  be  preferable  to  specify  the  time  at  which  the  cooling  water  is  to  be  shut  off. 
This  should  be  10  or  15  minutes  before  the  ferrosilicon  is  all  fed  into  the  generator  in  order  (1) 
to  allow  the  generator  temperature  to  rise  as  much  as  possible,  (2)  to  offset  the  effect  of  dimin¬ 
ishing  concentration  of  sodium  hydroxide,  and  (3)  to  prevent  waste  of  material  at  the  end  of  the 
run. 

3A  A  permanent  record  of  all  generator  runs  and  all  indications  of  unsatisfactory  operation 
should  be  of  considerable  value,  at  least  until  the  method  of  operation  is  thoroughly  standard¬ 
ized.  The  record  will  be  particularly  valuable  if  it  can  be  accompanied  by  a  record  of  the 
generator  pressure. 
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PART  II. 

THE  EFFECT  OF  THE  PRESENCE  OF  SODIUM  CARBONATE  ON  THE  GENERATION 
OF  HYDROGEN  FROM  FERROSILICON  AND  SODIUM  HYDROXIDE. 

By  E.  R.  Weaver  and  B.  D.  Gordon. 


Introduction. — The  purpose  of  the  experimental  work  described  in  this  report  was  to  deter¬ 
mine  the  allowable  limit  for  sodium  carbonate  in  sodium  hydroxide  that  is  to  be  used  for  the 
generation  of  hydrogen  by  the  ferrosilicon  method  and  the  possible  value  of  sodium  carbonate 
for  this  purpose. 

Method  of  study. — Solutions  containing  known  amounts  of  sodium  hydroxide  and  sodium 
carbonate  were  prepared.  The  solution  to  be  investigated  was  transferred  to  a  large  flask 
connected  through  a  water-cooled  condenser  to  a  gas  meter.  The  flask  was  heated  to  constant 
temperature  in  a  steam  jacket  and  25  grams  of  ferrosilicon  were  then  added  and  the  rate  of 
hydrogen  evolution  and  the  total  yield  of  hydrogen  determined.  The  presence  or  absence  of 
C02  in  the  evolved  hydrogen  was  determined  by  bubbling  this  gas  through  a  little  barium 
hydroxide  solution  before  it  entered  the  meter. 

In  each  of  the  experiments  a  20  per  cent  sodium  hydroxide  solution,  an  equivalent  solution 
of  sodium  carbonate,  or  a  mixture  of  the  two  was  used.  The  use  of  solutions  of  equivalent 
strength  in  all  experiments  was  intended  to  make  the  results  more  directly  comparable.  Since 
sodium  carbonate  is  more  strongly  hydrolyzed  in  a  dilute  than  in  a  concentrated  solution,  it 
is  apparent  that  (1)  the  carbon  dioxide  would  be  produced  from  a  dilute  solution  if  it  is  produced 
at  all  and  (2)  that  sodium  carbonate  would  prove  of  greater  value,  relative  to  an  equivalent 
amount  of  sodium  hydroxide,  in  a  dilute  solution  than  in  a  concentrated  one.  An  equivalent 
strength  of  20  per  cent  of  sodium  hydroxide  was  chosen  for  the  experiments,  because  this  con 
centration  is  about  as  low  as  it  is  practicable  to  use  in  the  hydrogen  generator.  The  ferro¬ 
silicon  used  in  the  several  experiments  was  of  the  same  composition  and  fineness,  and  all  con¬ 
ditions  of  generation  except  the  composition  and  amount  of  solution  were  made  identical  in 
all  the  experiments. 

Results  of  experiments. — The  results  of  representative  experiments  are  given  in  the  form 
of  curves.  Figure  1  shows  a  typical  curve  representing  the  evolution  of  hydrogen  from  ferro¬ 
silicon  in  a  solution  of  pure  sodium  carbonate.  The  very  much  greater  hydrolysis  of  sodium 
silicate  than  of  sodium  carbonate  probably  accounts  for  the  peculiar  shape  of  the  curve. 

Figures  2  and  3  represent  the  results  of  a  series  of  experiments  in  each  of  which  an  excess 
of  solution  containing  sodium  hydroxide  and  sodium  carbonate  equivalent  to  20  per  cent  of 
sodium  hydroxide  was  allowed  to  react  with  the  same  amount  of  ferrosilicon.  For  comparative 
purposes  another  series  of  experiments  was  made  with  solutions  containing  the  same  amount 
of  water  and  sodium  hydroxide  as  the  corresponding  solution  in  the  first  series,  but  no  sodium 
carbonate.  It  will  be  seen  that  the  presence  of  sodium  carbonate  equivalent  to  as  much  as 
three  times  the  sodium  hydroxide  present  has  very  little  effect  either  on  the  rate  of  evolution 
or  the  total  amount  of  gas  evolved  in  30  minutes.  It  can  be  readily  seen  that  sodium  carbonate 
has  even  less  effect  upon  the  total  production  of  gas  from  a  field  generator,  because  the  rate  of 
evolution  during  most  of  the  time  is  a  function  of  the  rate  of  ferrosilicon  feed  only. 
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Figure  4  shows  the  results  of  several  typical  experiments.  The  composition  of  the  solutions 
in  the  experiments  represented  by  curves  A  and  C  were  the  same,  but  the  amount  of  solution 
used  with  25  grams  of  ferrosilicon  was  greater  than  should  be  used  in  practice  in  A  and  less 
than  should  be  used  in  practice  in  C.  Curves  B  and  D  represent,  respectively,  the  evolution 
of  hydrogen  from  the  same  amount  of  solution  containing  the  same  amount  of  sodium  hydroxide 
as  curves  A  and  0 ,  but  no  sodium  carbonate.  It  is  obvious  that  in  experiments  A  and  C  the 
sodium  carbonate,  equivalent  to  25  per  cent  of  the  total  alkali  present,  has  but  little  value. 
Curve  E  represents  hydrogen  evolution  from  a  solution  in  which  the  sodium  carbonate  is  equiv¬ 
alent  to  75  per  cent  of  the  total  alkali,  and  the  total  sodium  hydroxide  equivalent  is  about 
that  found  to  be  most  favorable  to  economy  in  generator  operation.  Under  these  conditions, 
if  under  any,  sodium  carbonate  should  prove  of  value.  A  comparison  with  a  solution  containing 
the  same  amount  of  sodium  hydroxide  but  no  carbonate,  represented  by  curve  F,  shows  that 
the  carbonate  has  but  little  value  even  under  these  circumstances. 

Conclusion. — The  reaction  of  sodium  carbonate  in  solution  with  ferrosilicon  probably 
depends  entirely  upon  its  hydrolysis  which  takes  place  according  to  the  following  equation: 

Na2C03  +  H20  =  NaHC03  +  NaOH 

This  reaction  takes  place  to  the  extent  of  about  3  per  cent  in  a  20  per  cent  solution.  In 
the  presence  of  sodium  hydroxide  or  of  any  considerable  quantity  of  sodium  silicate  which  is 
much  more  strongly  hydrolyzed  than  the  carbonate,  it  is  apparent  from  the  law  of  mass  action 
that  the  above  reaction  will  be  reversed  and  the  sodium  carbonate  will  have  little  or  no  value. 

So  far  as  its  reaction  with  ferrosilicon  is  concerned,  sodium  carbonate,  occurring  in  sodium 
hydroxide  as  an  impurity,  is  an  inert  material  and  has  no  value  whatever. 

Since  no  carbon  dioxide  is  formed  from  the  reaction  with  ferrosilicon  at  any  concentration 
of  alkali  in  which  we  are  interested,  the  presence  of  sodium  carbonate  is  not  harmful  in  any  way. 

Recommendation. — We  recommend  that  sodium  hydroxide  for  hydrogen  generation  be 
purchased  on  the  basis  of  actual  sodium  hydroxide  contained  and  that  no  allowance  be  made 
for  carbonate.  If  this  is  done,  there  is  no  apparent  reason  why  the  amount  of  carbonate  should 
be  limited,  except  by  the  cost  of  transporting  useless  material. 
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PART  III. 

THE  USE  OF  LIME  IN  THE  GENERATION  OF  HYDROGEN  BY  THE  USE  OF 

FERROSILICON. 

By  B.  D.  Gordon. 


1.  PURPOSE  AND  SCOPE  OF  INVESTIGATION. 


In  the  generation  of  hydrogen  by  the  use  of  ferrosilicon  and  sodium  hydroxide  the  silicon 
goes  into  solution  as  an  alkali  silicate,  and  hydrogen  is  produced  from  the  water  which  enters 
into  the  reactions  involved.  Any  other  strong  alkali  used  in  place  of  sodium  hydroxide  will 
produce  a  similar  reaction. 

This  paper  describes  an  attempt  to  develop  a  method  of  using  lime  to  replace  some  or  all  of 
the  sodium  hydroxide.  Such  a  substitution  would  be  desirable  for  the  following  reasons: 

1.  Lime  is  the  cheapest  of  alkalis,  usually  costing  only  a  small  fraction  of  the  cost  of  sodium 
hydroxide. 

2.  Lime  is  obtainable  almost  anywhere;  it  is  produced  in  so  many  localities  that  high 
transportation  costs  may  usually  be  avoided;  and  it  is  much  easier,  on  account  of  the  relatively 
inexpensive  apparatus  involved,  to  expand  the  production  of  lime  to  meet  an  unusual  demand. 
Sodium  hydroxide  is  one  of  the  important  chemicals  of  which  there  is  always  a  more  or  less 
serious  shortage  in  war  time. 

3.  Sodium  silicate,  the  end  product  of  the  reaction  involved  in  the  production  of  hydrogen, 
is  quite  soluble  and  is  strongly  dissociated  by  water.  It  is  very  injurious  to  both  animal  and 
vegetable  life  and  may  become  a  serious  nuisance  in  the  neighborhood  of  the  generator  if  not 
properly  disposed  of.  Calcium  silicate,  on  the  other  hand,  is  an  insoluble  mineral  which  has  no 
dangerous  properties  of  any  kind. 

4.  The  physical  and  chemical  properties  of  lime  render  it  much  easier  to  transport  and 
handle  than  sodium  hydroxide. 

The  three  following  possible  methods  of  using  lime  were  considered: 

1.  To  determine  whether  it  is  practicable  to  substitute  lime  for  sodium  hydroxide  directly 
in  the  production  of  hydrogen. 

2.  To  determine  whether  it  is  feasible  to  recover  sodium  hydroxide  from  the  sludge  remain¬ 
ing  after  the  generation  of  hydrogen  from  ferrosilicon  and  sodium  hydroxide. 

3.  To  determine  the  practicability  of  using  a  mixture  of  lime  and  sodium  carbonate  instead 
of  sodium  hydroxide. 

2.  THE  DIRECT  USE  OF  LIME  IN  THE  GENERATOR. 


Sodium  hydroxide  and  ferrosilicon  react  according  to  the  following  equation : 

2NaOH +Si  +HaO  =  Na,Si03  +  2H3. 


Similarly  we 
equation : 


might  expect  calcium  hydroxide  (slaked  lime)  to  react  according  to  the  following 
Ca  (OH)j  +  Si  +  H30  =  CaSi03  +  2H3. 


When,  however,  a  calcium  hydroxide  solution  containing  some  of  the  undissolved  solid 
(milk  of  lime)  was  heated  with  ferrosilicon  in  a  steam  jacket  for  half  an  hour  no  appreciable 
quantity  of  hydrogen  was  produced.  This  result  is  easily  explained  when  it  is  remembered 
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that  the  rate  of  reaction  between  ferrosilicon  and  sodium  hydroxide  is  too  slow  to  be  of  practical 
value  when  less  than  a  10  per  cent  solution  of  the  alkali  is  used  and  that  a  saturated  solution  of 
lime  at  100°  contains  only  about  0.12  per  cent  of  the  solid. 

Lime  can  not,  therefore,  be  used  directly  as  a  substitute  for  sodium  hydroxide  in  the 


process. 


3.  RECOVERY  OF  SODIUM  HYDROXIDE  FROM  GENERATOR  SLUDGE. 


Calcium  silicate  is  less  soluble  than  calcium  hydroxide.  We  would  therefore  expect  to  be 
able  to  recover  sodium  hydroxide  from  the  sodium-silicate  sludge  with  the  formation  of  the 
insoluble  calcium  silicate  according  to  the  following  reaction  : 

Na*Si03  +  Ca(OH),  =  CaSi03  +  2NaOH. 

The  effective  amount  of  sodium  hydroxide  which  can  be  recovered  in  this  way  was 
determined  in  the  following  manner: 

A  weighed  amount,  25  grams,  of  ferrosilicon  was  permitted  to  react  with  a  20  per  cent 
sodium-hydroxide  solution  in  the  proportions  and  under  the  conditions  used  in  a  hydrogen 
generator.  When  the  reaction  was  complete,  the  water  lost  by  evaporation  was  replaced,  a 
sufficient  quantity  of  lime  to  react  with  all  the  sodium  silicate  was  added;  the  temperature  of  the 
reaction  flask  was  brought  back  to  the  temperature  at  the  beginning  of  the  first  reaction,  and 
25  grams  of  ferrosilicon  was  again  added.  Figure  1  represents  the  evolution  of  hydrogen  for  , 
a  period  of  30  minutes  under  the  two  conditions.  Figure  2  represents  similar  data  for  a  10  per 
cent  solution.  It  will  be  seen  that  in  each  case  only  about  half  as  much  hydrogen  is  obtained 
in  half  an  hour  from  the  recovered  sludge  as  from  the  original  solution,  and  that  the  falling  off  in 
the  rate  at  the  beginning  of  the  reaction  is  even  more  serious. 

It  is  obvious  that  much  less  sodium  hydroxide  is  present  in  solution  after  precipitation  than 
was  present  in  the  original  solution.  This  may  be  due  to  the  absorption  of  the  hydroxide  by 
the  colloidal  silica  and  calcium  silicates  which  form  a  jelly  like  mass. 

To  obtain  further  evidence  on  this  point,  a  sodium  silicate  sludge  formed  under  generator 
conditions  was  precipitated  with  an  excess  of  milk  of  lime,  filtered  with  the  aid  of  suction,  and 
the  filtrate  titrated  to  determine  the  amount  of  sodium  hydroxide  recovered.  The  precipitate 
was  then  boiled  for  four  hours  with  water  and  again  filtered  and  the  filtrate  titrated.  By  the 
first  filtration  38.9  per  cent  of  the  original  alkali  was  recovered,  and  13.3  per  cent  additional 
was  obtained  by  the  first  digestion  and  washing.  Only  negligible  amounts  were  obtained  by 
subsequent  washing.  It  thus  appears  that  about  50  per  cent  of  the  sodium  hydroxide,  or 
sodium  silicate  unacted  upon,  is  permanently  included  in  the  precipitate.  It  requires  very 
careful  treatment  to  recover  even  50  per  cent  of  the  original  alkali. 

The  precipitate  of  calcium  silicate  is  so  voluminous  that  practically  no  separation  of  pre¬ 
cipitate  and  solution  occurs  on  standing,  and  in  order  to  recover  the  alkali  commercially  it  would 
be  necessary  to  use  a  filter  press.  If  sludge  were  produced  at  one  place  regularly  in  large  quan¬ 
tities,  it  would  unquestionably  be  economical  to  recover  as  much  sodium  hydroxide  as  possible 
by  the  installation  and  use  of  a  filter  press.  The  ferrosilicon  method  for  the  production  of  hydro¬ 
gen  is  practically  never  used  under  such  conditions,  however;  its  principal  advantages  are 
portability  combined  with  capacity  for  rapid  and  irregular  production.  Where  the  demand  for 
hydrogen  would  justify  the  installation  of  a  sodium  hydroxide  recovery  plant,  a  more  economical 
method  of  generation  would  undoubtedly  be  used. 

4  PRODUCTION  OF  SODIUM  HYDROXIDE  IN  THE  GENERATOR  FROM  SODIUM  CARBONATE  AND 

LIME. 

Another  possibility  which  suggested  itself  was  that  of  using  lime  and  sodium  carbonate 
in  the  generator  to  obtain  sodium  hydroxide  which  in  turn  will  react  with  ferrosilicon  and 
produce  hydrogen.  The  advantages  to  be  expected  from  this  method  if  successful  were  of 
the  same  character  but  of  smaller  magnitude  than  replacement  of  sodium  hydroxide  by  lime. 

Experiments  in  this  connection  were  made  by  introducing  into  a  solution  of  sodium  car¬ 
bonate  an  amount  of  lime  sufficient  not  only  to  react  completely  with  the  sodium  carbonate 
167080— S.  Doc.  307,  65-3 - 30 
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in  the  first  place,  but  also  to  precipitate  calcium  silicate  and  reconvert  the  sodium  silicate  after 
the  reaction  to  sodium  hydroxide.  The  reactions  expected  were  as  follows: 

CaO  +  H20  =  Ca  (OH)2 
Na2C03  +  Ca  (OH)2  =  2NaOH  +  CaCOa 
2NaOH  +  Si  +  H20  =  Na2Si03  +  2H2 
Na2Si03  +  Ca  (OH)2  =  2NaOH  +  CaSi03 

The  curves  of  figure  3  show  the  results  obtained  with  solutions  containing  the  equivalent 
of  20  per  cent  of  sodium  hydroxide.  The  effect  of  reducing  the  ratio  of  alkali  to  ferrosilicon  is 
very  marked  and  is  much  greater  than  when  pure  sodium  hydroxide  is  used.  Under  one  con¬ 
dition,  represented  by  curve  D,  the  hydrogen  yield  during  30  minutes  was  only  about  one-third 
that  obtained  from  an  equivalent  solution  of  sodium  hydroxide  under  the  same  conditions,  and 
the  maximum  yield  obtainable  even  when  a  large  excess  of  alkali  was  used  (curve  A)  was  only 
89  per  cent  of  the  yield  from  sodium  hydroxide  solutions  in  large  excess. 


Thv, >  v  'Win  v  tes  ) 

Fig.  3. 

Figure  4  shows  the  results  obtained  by  the  use  of  solutions  equivalent  to  12.5  per  cent 
sodium  hydroxide  solutions.  It  is  noteworthy  that  as  much  hydrogen  was  obtained  from  a  12.5 
per  cent  as  from  a  20  per  cent  solution  when  the  ferrosilicon  and  alkali  were  used  in  the  same 
ratio,  and  that  the  addition  of  a  large  excess  of  lime  is  a  positive  detriment.  Both  these 
facts  are  probably  due  to  the  viscosity  of  the  solutions,  the  inclusion  of  sodium  hydroxide  in 
the  precipitates,  or  the  coating  of  the  ferrosilicon  with  precipitates  which  prevent  the  access 
of  the  solution. 

The  experiments  represented  in  figure  5  were  made  to  determine  the  most  favorable 
concentration  of  solution  using  a  given  ratio  of  alkali  to  ferrosilicon.  It  is  clear  that  a  12.5 
per  cent  solution  (curve  A)  gives  a  better  result  than  a  10  per  cent  solution  (curve  B )  and  a 
very  much  better  result  than  a  20  per  cent  solution  (curve  0). 
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5.  SUMMARY  AND  CONCLUSIONS. 

The  following  conclusions  may  be  reached  from  the  above  experiments: 

1.  That  lime  can  not  be  used  alone  to  replace  sodium  hydroxide  in  the  generation  of 
hydrogen  from  ferrosilicon  and  water. 

2.  That  it  is  impracticable  to  recover  sodium  hydroxide  from  the  generator  sludge  by  the 
use  of  lime  because  the  necessary  equipment  would  destroy  the  advantages  of  portability  and 
capacity  for  large  and  irregular  production. 

3.  That  it  is  possible  but  impracticable  to  substitute  sodium  carbonate  and  lime  for  sodium 
hydroxide  in  the  generation  of  hydrogen. 


REPORT  No.  41. 


TESTING  OF  BALLOON  GAS. 

By  Junius  David  Edwards. 


This  report  was  prepared  at  the  Bureau  of  Standards  for  the  National  Advisory  Com¬ 
mittee  for  Aeronautics. 

In  the  generation,  storage,  and  use  of  hydrogen  for  balloon  purposes  it  is  necessary  to  be 
able  to  determine,  first,  its  lifting  power,  and,  secondly,  its  purity.  The  lifting  power  may 
be  determined  directly  from  the  specific  gravity.  Contamination  by  other  gases  may  be  de¬ 
termined  by  analysis  for  oxygen,  carbon  dioxide,  etc.,  by  the 
usual  methods  of  gas  analysis.  The  determination  of  oxygen 
is  important,  since  the  presence  of  oxygen  in  amounts  beyond 
certain  limits  will  make  the  compressing,  handling,  and  use  of 
the  gas  particularly  hazardous.  If  the  specific  gravity  of  the  gas 
is  known,  however,  it  may  not  be  necessary  to  analyze  the  gas 
for  oxygen  and  other  gases,  because  the  specific  gravity  itself  is  a 
delicate  criterion  of  the  purity  of  hydrogen. 

The  effusion  method  of  determining  the  specific  gravity  of 
a  gas  is  probably  the  simplest  method  available.  It  is  based 
upon  the  fact  that  the  times  of  escape  of  equal  volumes  of  two 
gases  through  the  same  small  orifice  are  approximately  propor¬ 
tional  to  the  square  roots  of  the  densities  of  the  two  gases. 

This  method  has  been  extensively  investigated  by  the  author 
and  the  full  details  of  this  work  are  given  in  Bureau  of  Standard 
Technologic  Paper  No.  94  on  the  “Effusion  method  of  deter¬ 
mining  gas  density.”  It  was  shown  in  this  report  that  the  fig.  i.-standard  specific  gravity  aPPara- 
effusion  apparatus  as  commonly  made  and  used  may  give  very  tus  for  sases* 

inaccurate  results,  particularly  when  used  with  hydrogen,  since  hydrogen  shows  the  largest 
errors  of  any  of  the  common  gases  when  tested  by  this  method.  The  limitations  of  this 
method  were  pointed  out  and  the  principles  which  should  govern  the  construction  of  satis¬ 
factory  apparatus  were  demonstrated. 

With  this  work  as  a  basis,  the  Bureau  of  Standards  designed  a  simple  portable  apparatus 
for  testing  hydrogen.  The  novelty  lies  not  so  much  in  the  general  form  of  the  apparatus  but 
in  the  size  and  shape  of  its  various  parts,  particularly  the  orifice,  which  are  selected  empirically 
to  give  a  close  approximation  to  the  correct  result. 

Description  of  apparatus. — The  general  plan  of  the  apparatus  is  shown  in  figure  1,  which  is 
approximately  one-fourth  size.  The  apparatus  consists  of  a  gas  chamber  ( C )  connected  by  a 
rubber  tube  at  the  bottom  to  a  movable  reservoir  ( L ),  which  may  be  held  at  a  fixed  height  in  a 
support,  as  shown.  The  volume  of  gas  whose  effusion  time  is  to  be  measured  is  defined  by  marks 
on  the  tubes  just  above  and  below  the  gas  chamber.  The  gas  chamber  is  surrounded  by  a 
water  j  acket,  to  keep  it  at  a  constant  temperature,  and  is  connected  at  the  top  to  a  three-way 
cock,  which  permits  it  to  be  connected  with  either  the  gas  inlet  (/)  on  the  left  or  the  tube  ( 0 ), 
containing  the  orifice,  on  the  right.  By  lowering  the  reservoir  L  and  connecting  the  gas  chamber 
with  the  gas  inlet  through  the  three-way  cock  a  sample  of  gas  may  be  drawn  intojthe  gas 
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chamber;  the  cock  is  then  closed  and  the  reservoir  replaced  on  its  support.  The  effusion  time 
is  obtained  by  connecting  the  gas  chamber  with  the  orifice  and  measuring,  with  a  stop  watch, 
the  time  of  passage  of  the  water  meniscus  between  the  two  marks.  In  brief,  the  method  of 
making  a  test  is  to  measure  the  time  required  for  the  measured  volume  of  air  to  flow  through  the 
orifice  under  the  pressure  of  the  head  of  water  in  the  reservoir,  and  then  to  measure  the  time 
required  for  the  same  volume  of  the  hydrogen  to  flow  through  the  orifice.  The  operating  details 
and  precautions  to  be  observed  are  explained  in  detail  in  Technologic  Paper  No.  94,  previously 
referred  to. 

Certain  features  of  the  design  are  essential  to  securing  satisfactory  results.  The  orifice 
itself  is  the  most  important  part  of  the  apparatus.  It  is  made  in  a  stiff  platinum-iridium  plate. 
0.04  millimeter  in  thickness.  The  orifice  is  0.25  millimeter  in  diameter  and  is  made  by  a 
small  punch  and  die.  The  edges  of  the  orifice  on  the  side  of  the  plate  through  which  the  punch 
entered  are  necessarily  somewhat  rounded.  The  edges  on  the  other  side  are  polished  down  quite 
sharp  on  very  fine  emery  paper.  The  orifice  is  then  sealed  into  a  glass  tube,  which  is  cemented 
into  the  metal  holder.  It  is  absolutely  essential  that  the  orifice  be  attached  in  such  a  position 
that  the  sharp-edged  entrance  of  the  orifice  be  on  the  side  toward  the  effusing  gas.  If  the 
entrance  to  the  orifice  is  appreciably  rounded,  the  apparent  specific  gravity  of  hydrogen  as 
determined  with  it  will  probably  be  high. 

Very  low  effusion  pressures,  at  which  the  largest  errors  occur,  are  avoided  by  placing  the 
leveling  bulb  some  distance  above  the  gas  chamber.  The  three-way  cock  is  made  of  metal  to 
avoid  breakage;  the  barrel  is  made  large  and  accurately  machined  to  prevent  leaks  and  for 
convenience  in  setting.  A  pin  is  arranged  to  stop  the  cock  always  in  exactly  the  same  position 
when  connecting  the  gas  chamber  with  the  orifice. 

Calculation  of  specific  gravity. — The  specific  gravity  of  a  gas  may  be  defined  as  the  ratio  of 
the  weight  of  a  given  volume  of  gas  to  the  weight  of  an  equal  volume  of  air  measured  at  the  same 
temperature  and  pressure.  The  specific  gravity  of  a  dry  gas  referred  to  dry  air  is,  for  all  practical 
purposes,  the  same  for  any  temperature.  But  the  specific  gravity  of  dry  hydrogen  compared 
with  dry  air  is  always  different  from  the  specific  gravity  of  saturated  hydrogen  referred  to 
saturated  air.  Moreover,  the  latter  value  is  different  at  different  temperatures  and  pressures 

The  specific  gravity  of  the  hydrogen  under  the  conditions  of  test  is  the  ratio  of  the  square 
of  the  time  for  hydrogen  effusion  to  the  square  of  the  time  for  air  effusion,  i.  e., 


The  following  equations  show  the  relation  between  the  specific  gravities  of  saturated  hydro¬ 
gen  compared  with  saturated  air  and  the  specific  gravity  of  dry  gas  referred  to  dry  air.  The 
derivation  of  these  formulae  is  given  in  Technologic  Paper  94. 

o  _  ($  +  &)  (2) 

s‘  (l+F) 


S  —  SB  (1+  1c) —ic  (3) 

S  =  Specific  gravity  of  dry  gas  referred  to  dry  air. 

SB  =  Specific  gravity  of  saturated  hydrogen  referred  to  saturated  air. 

The  values  of  ~k  for  gas  at  760  millimeters’  pressure,  and  at  various  temperatures  are 
as  follows: 

Table  1. —  Values  oflc  at  760  millimeters  and  various  temperatures. 


Tempera¬ 

ture. 

k 

•c. 

o 

0.004 

5 

.005 

10 

.008 

15 

.011 

20 

.015 

25 

.020 

30 

.027 
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Either  the  lifting  power  or  the  purity  can  be  calculated  from  the  specific  gravity  of  the  gas. 
If  the  purity  is  to  be  calculated,  some  assumption  must  be  made  as  to  the  composition  of  the 
contaminating  gases.  It  is  usually  satisfactory  to  assume  that  the  contamination  is  air  unless 
there  is  reason  to  believe  otherwise.  The  purity  can  then  he  calculated  from  the  specific  gravity 
by  means  of  equation  4. 

Purity  (per  cent  hydrogen)  =  107.5  (1  —  8)  (4) 

If  the  purity  of  the  gas  contained  in  an  inflated  envelope  is  to  be  estimated  from  a  deter¬ 
mination  of  the  oxygen  content,  it  is  usually  incorrect  to  assume  that  the  impurity  is  air, 
because  rubber  is  more  permeable  to  oxygen  than  nitrogen,  and  the  air  which  penetrates  the 
fabric  (Bureau  of  Standards  Technologic  Paper  No.  113,  p.  25)  is  richer  in  oxygen  than  the 
atmosphere.  Consequently  the  total  impurity,  oxygen  and  nitrogen,  would  be  less  than  corre¬ 
sponded  to  air  of  the  same  oxygen  content.  Because  of  the  small  difference  in  the  densities  of 
oxygen  and  nitrogen  this  factor  can  be  neglected  in  calculating  the  purity  from  the  specific 
gravity.  However,  it  may  make  the  purity  calculated  from  the  oxygen  content  as  much  as 
5  to  10  per  cent  low. 

Accuracy  of  method. — With  reasonable  care  in  the  operation  of  the  apparatus  successive 
determinations  should  agree  within  0.1  to  0.2  per  cent  hydrogen.  The  per  cent  hydrogen  as 
calculated  from  the  specific  gravity  is  usually  within  0.2  to  0.3  of  the  correct  figure.  The  method 
of  making  the  orifices  has  resulted  in  great  uniformity  and  the  performance  of  different  pieces 
of  apparatus  is  correspondingly  satisfactory. 


APPENDIX. 

NOTE  ON  THE  EFFECT  OF  WATER  VAPOR  IN  HYDROGEN  UPON  THE  LIFTING  POWER  OF  THE  GAS. 

In  connection  with  the  discussion  of  the  purity  of  hydrogen  it  is  interesting  to  note  the 
effect  of  water  vapor  upon  the  lifting  power  of  hydrogen.  The  specific  gravities  of  hydrogen 
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and  water  vapor  are  0.0695  and  0.622.  The  reduction  in  lifting  power  of  hydrogen  when  satu¬ 
rated  with  water  vapor  at  different  temperatures  is  shown  by  plot  2. 

If  hydrogen  is  compressed  in  cylinders  and  the  cylinders  contain  some  water  in  the  liquid 
form,  then  the  hydrogen  will  be  saturated  with  water  vapor  at  the  temperature  of  the  cylinder 
and  each  volume  of  the  high-pressure  hydrogen  will  contain  the  same  volume  of  water  vapor 
as  it  would  if  under  a  pressure  of  one  atmosphere  and  at  the  same  temperature;  hence  when  it 
is  withdrawn  from  the  cylinder  and  expanded  to  the  lower  pressure  it  contains  only  a  relatively 
small  amount  of  water  vapor  per  unit  volume.  The  gas  is,  therefore,  comparatively  dry  if  it 
has  been  expanded  from  a  high  pressure.  The  magnitude  of  the  loss  in  lifting  power  at  one 
temperature  (30°  C.)  and  different  pressures  is  shown  in  plot  3.  The  data  in  plot  3  are  com¬ 
puted  on  the  assumption  that  the  gas  will  he  expanded  from  the  high  pressure  to  atmospheric 
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pressure  without  either  mechanical  entrainment  of  liquid  water  that  may  be  in  the  high-pressure 
container  or  absorption  of  water  vapor  from  this  liquid  during  the  period  of  expansion  of  the  gas. 

In  considering  the  advantages  of  using  dry  hydrogen  for  inflating  balloons  the  fact  should 
not  be  overlooked  that  rubberized  balloon  fabrics  are  somewhat  permeable  to  water  vapor. 
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Therefore,  even  though  the  gas  is  put  into  the  balloon  dry  it  will  become  partially  saturated 
with  water  vapor  which  penetrates  the  fabric  and  will  ultimately  approximate  the  moisture 
condition  of  the  surrounding  atmosphere. 
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A  NEW  PROCESS  FOR  THE  PRODUCTION  OF  AIRCRAFT -ENGINE  FUELS. 

By  Auguste  Jean  Paris,  Jr.,  and  W.  Francklyn  Paris. 


INTRODUCTION. 


The  main  object  for  which  these  experiments  were  conducted  was  the  development  of  a 
new  method  of  producing  high-grade  aviation  gasoline.  Of  almost  equal  importance  was  the 
problem  of  increasing  the  yield  over  existing  practice,  and  also  of  reducing  the  cost  of  production. 

The  experimental  plant  was  established  at  Charleston,  W.  Va.,  and  owes  its  origin  to  the 
offer  made  to  the  Government  during  1917  and  accepted  by  the  National  Advisory  Committee 


for  Aeronautics  early  in  1918  for  the  erection  of  a  test  laboratory. 

The  installation  consisted  of  a  suitable  building  and  equipment,  including  a  six-horsepower 
“Foos”  gas  engine,  a  2-ton  Brunswick  ammonia  compressor,  high-pressure  tanks,  condensers, 
separators,  pressure  gauges,  etc.,  which,  together  with  our  services,  were  offered  to  the  Govern¬ 
ment  without  remuneration. 

PRESENT  METHODS. 


The  universal  method  of  producing  gasoline  consists  of  boiling  crude  oil  in  a  still,  similar 
to  the  boiling  of  water  in  a  kettle,  the  vapor  arising  from  the  oil  being  passed  through  a  con¬ 
denser,  which  consists  of  a  series  of  pipes  lying  in  a  trough  of  moving  water,  the  water  playing 
the  part  of  cooling  the  oil  vapors,  and  thus  condensing  them  into  liquid  which  is  removed  to 
a  cleaning  outfit  where  it  is  treated  with  sulphuric  acid  to  remove  the  unsaturated  or  cracked 
products.  Sulphuric  acid  has  a  great  affinity  for  cracked  paraffins  such  as  are  produced  in 

gasoline  distillation.  ... 

The  temperature  at  which  the  first  drop  of  gasoline  condenses  from  the  distillation  of  crude 

oil  differs  according  to  the  age  of  the  oil  field  from  which  the  crude  oil  has  been  obtained,  and  also 
according  to  the  length  of  time  it  has  stood  uncovered  since  its  pumping  from  the  well.  Crude 
oil  from  the  Pennsylvania  or  West  Virginia  fields  will  start  to  boil  at  80  F.  to  100  F.,  and 
the  first  drop  of  condensation  will  be  found  at  about  that  temperature.  This  is  known  as  the 

initial  boiling  point. 

The  temperature  of  the  still  is  then  gradually  raised  until  it  reaches  the  temperature  at 
which  it  is  desired  to  “cut”  off  the  distillate.  This  is  known  as  the  end  point  or  final  boiling 
point.  This  latter  temperature  is  controlled  by  the  commercial  side  of  the  enterprise,  i.  e., 
the  supply  and  demand  for  gasoline.  At  302°  F.  as  a  final  boiling  or  end  point  the  end  of 
the  real  volatile  products  is  reached ;  and  they  are  about  to  enter  the  illuminating  or  burning 
oil  distillates.  Most  of  the  commercial  gasolines  have  an  end  point  of  450°  F.  This  is  an  indi¬ 
cation  of  gasoline  containing  a  large  quantity  of  kerosene.  The  higher  the  temperature  of  the 
end  point  the  larger  quantity  of  unsaturated  hydrocarbons  will  be  found  before  cleanmg. 

It  is  the  practice  to  clean  the  gasoline  and  remove  the  unsaturated  hydrocarbons  by  a 
sulphuric  acid  treatment,  removing  most  of  the  acid,  neutralizing  the  remaining  acid  held  in 
suspension  by  the  gasoline  by  the  use  of  an  alkali,  and  washing  with  water.  The  acid  absorbs 
the  unsaturated  hydrocarbons,  thereby  producing  sulphones  which  in  turn  are  washed  with 

water.  a  no 
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It  is  our  conviction  that  a  gasoline  which  has  not  been  in  touch  with  an  acid  will  have 
decided  advantages  over  one  which  has.  It  is  also  onr  conviction  that  a  gasoline  produced 
without  a  heat  treatment,  such  as  the  distillation  at  present  universally  practiced  at  oil 
refineries,  would  be  free  from  cracked  or  unsaturated  hydrocarbons,  thereby  eliminating  the 
necessity  for  such  acid  treatment.  A  series  of  experiments  have  lately  been  conducted  with 
the  following  results: 

EXPERIMENT  NO.  1. 

Extraction  direct  from  crude  oil. 


Raw  product,  West  Virginia  crude  oil .  42°  BaumA 

Raw  product,  quantity  used  in  experiment .  44  gallons. 

Gasoline  produced:  Gallons. 

No.  1,  69°  Baumd .  5 

No.  2,  58°  Baumd .  10 

No.  3,  55°  Baumd .  5 

-  20 

Residue,  37°  Baumd .  24 

-  44 

Per  cent  volatile  products .  45 

No.  1  is  high-grade  aviation  gasoline. 

No.  2  is  automobile  gasoline. 


It  is  our  opinion  that  a  mixture  of  Nos.  1  and  2  would  prove  to  be  a  satisfactory  aviation 
gasoline. 

All  these  gasolines  evaporate  clean  and  without  leaving  any  odor. 

EXPERIMENT  NO.  2. 

Treatment  of  crude  benzine  or  first  cut  from  West  Virginia  crude  oil. 

Raw  product,  crude  benzine . 

Quantity  used  in  experiment . 

Gasoline  produced:  Gallons. 

No.  4,  65°  Baumd .  51 

No.  5,  59°  Baum6 . 36 

-  87 

No.  6,  residue,  53°  BaumA .  10 


No.  4,  65°  Baum4,  is  aviation  gasoline. 
No.  5,  59°  Baum6,  is  automobile  gasoline. 


62°  BaumA 
97  gallons. 


97  gallons. 


TABLE  I. — Products  of  experiments. 


Experiment  No.  1. 

Experiment  No.  2. 

Product  No . 

1 

2 

3 

4 

5 

6 

Specific  gravity . 

0.704 

0.  745 

0.756 

0. 7165 

0. 741 

0.7645 

Degrees  Baum6 . 

68.9 

57.9 

55.2 

65.4 

58.9 

53.1 

Color . 

W.  W. 

W.  W. 

\V.  \V. 

W.  W. 

W.  W. 

W.  W. 

Odor . 

O.  K. 

0.  K. 

0.  K. 

O.  K. 

0.  K. 

0.  K. 

Unsaturated . 

1.2% 

1-4% 

•8% 

•8% 

•8% 

•1% 

Doctor  test . 

+  or  — 

+  or  — 

+  or  — 

+  or  — 

+  or  — 

+  or  — 

Acidity . 

None. 

N  one. 

None. 

None. 

None. 

None. 

Loss . 

1.5% 

1.0% 

1.0% 

1.5% 

1.0% 

Centigrade. 
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DESCRIPTION  OF  PROCESS  USED  IN  EXPERIMENTS. 

Crude  oil  or  benzine  was  placed  in  a  closed  tank  which  was  supplied  with  heat  from  a  gas 
burner  sufficient  to  maintain  the  temperature  at  around  200°  F.  Natural  gas  at  a  pressure 
of  about  100  pounds  and  a  temperature  approximately  150°  F.  was  allowed  to  bubble  through 
the  oil  and  thereby  absorb  the  vapors  of  the  lower  boiling  point  hydrocarbons  contained  in 
the  crude  petroleum.  This  charged  gas,  at  its  then  reduced  pressure  of  about  10  pounds  passed 
to  a  single  cylinder  refrigeration  machine  and  was  compressed  to  about  125  pounds  per  square 
inch.  During  the  compression  stroke  a  small  quantity  of  glycerine  was  sprayed  into  the  cylinder 
by  means  of  the  high  gas  pressure  on  the  delivery  side  of  the  compressor,  and  mixed  with  the 
gas  and  hydrocarbon  vapors  therein.  The  compressed  gas,  with  its  then  condensed  and 
entrained  gasoline,  plus  the  injected  glycerine,  passed  through  a  settling  tank  where  the  most 
of  the  glycerine  and  some  of  the  gasoline  were  deposited,  and  then  through  a  water-cooled  con¬ 
denser  where  the  most  of  the  remaining  gasoline  vapors  were  condensed.  A  separator  was 
next  in  line  and  served  to  remove  the  condensed  gasoline  from  the  gas  which  latter  was  then 
passed  through  a  reheater  where  its  temperature  was  raised  to  around  200°  F.  by  transfer  of 
the  heat  of  the  exhaust  gases  from  the  gas  engine  which  operated  the  refrigerating  machine. 
This  reheated  natural  gas  then  again  passed  to  the  tank  containing  the  crude  material  and 
so  completed  the  cycle. 

During  the  experiments  a  small  amount  of  the  natural  gas  was  lost  by  leakage  or  other¬ 
wise  and  it  was  necessary  to  admit  more  to  the  system  from  time  to  time.  The  glycerine  which 
was  injected  into  the  compressor  cylinder  served  to  aid  the  cold  water  circulating  through  the 
compressor  cylinder  jackets  to  abstract  the  heat  of  compression  and  maintain  the  tempera¬ 
ture  of  the  compressed  gas  and  vapors  at  a  low  point.  The  amount  of  gasoline  vapor  condensed 
from  the  charged  gas  as  the  result  of  the  compression  was  thereby  increased.  The  low  tempera¬ 
ture  of  the  gas  and  gasoline  vapors  also  obviated  any  material  cracking  or  chemical  breaking 
down  of  the  various  hydrocarbons  contained.  It  is  also  believed  that  the  glycerine  was  to 
a  certain  extent  instrumental  in  removing  by  absorption,  some  of  the  impurities  contained  in 
the  gasoline  vapors  as  received  in  the  compression  cylinder. 

The  experiments  were  not  carried  far  enough  to  determine  the  ultimate  possibilities  of 
the  glycerine  injection  process  as  a  means  of  removing  water,  sulphur,  sulphur  compounds, 
and  other  impurities  from  the  gasoline.  The  apparatus  used  was  assembled  from  material 
readily  available  on  the  market,  so  that  the  results  do  not  represent  the  economic  value  of 
this  distillation  process. 

A  complete  description  of  the  several  modifications  of  the  fundamental  process  described 
in  the  above  note  is  contained  in  patent  specification  No.  193624,  filed  September  28,  1917,  and 
entitled  “Process  of  cleaning  and  refining  distillates  of  petroleum.” 
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SYNOPSIS  OF  AERONAUTIC  RADIATOR  INVESTIGATIONS  FOR  YEARS 

1917  AND  1918.1 

By  H.  C.  Dickinson  and  R.  V.  Kleinschmidt. 


During  the  past  year  an  extensive  series  of  experiments  has  been  conducted  at  the  Bureau 
of  Standards  to  determine  the  properties  of  cooling  radiator  cores  now  manufactured  for  air¬ 
planes  and  to  develop  improvements  in  design.  The  analysis  of  the  problem  on  which  this 
work  was  based,  and  consequently  the  experimental  method  employed,  is  different  from  that 
commonly  used.  Instead  of  attempting  to  test  complete  radiators,  either  full  size  or  in  models, 
uniform  sections  representing  different  types  of  core  construction  have  been  tested  and  an 
analysis  of  the  results  made  with  a  view  to  determining  independently  the  various  factors 
which  influence  its  performance.  From  these  results  deductions  may  be  made  as  to  the  perform¬ 
ance  of  a  radiator  under  any  conditions. 

The  factors  considered  are: 

(1)  The  characteristics  of  the  core  structure,  including  depth,  size,  and  shape  of  air  and 
water  passages,  nature  of  the  metal  and  of  the  surfaces  from  which  cooling  takes  place,  and 
the  amount  and  design  of  indirect  cooling  surface  or  fins. 

(2)  The  conditions  of  use,  including  the  amount  of  air  flowing  through  the  core  (mass 
flow),  the  relation  of  the  location  on  the  plane  to  the  amount  of  air  flowing  through  the  core  as 
influenced  by  the  plane  speed,  the  effect  of  variable  temperatures  of  air  and  water,  variable 
air  density,  and  the  effect  of  variable  rate  of  water  flow. 

The  performance  of  a  type  of  core  is  expressed  by  giving  the  properties  of  the  core  as 
defined  below,  together  with  general  relations  showing  the  change  of  properties  with  change  in 
conditions  and  characteristics  from  which  the  performance  of  any  radiator  of  the  same  core 
structure  can  be  predicted. 

Since  the  completion  of  this  work,  reports  received  from  England  and  France  have  shown 
that  many  of  these  questions  have  already  been  studied  there,  and  the  results  agree  substan¬ 
tially  with  those  obtained  by  this  bureau.  The  work  on  altitude  has,  we  believe,  not  been 
duplicated  elsewhere,  and  the  range  of  air  speeds  over  which  the  observations  extend  lias 
been  increased  in  most  cases. 

In  the  work  done  in  Europe,  the  heat  dissipated  by  the  radiator  has  commonly  been  meas¬ 
ured  by  placing  the  radiator  specimen  to  be  tested  in  a  wind  tunnel,  the  cross  sectional  area 
of  which  was  at  least  three  times  that  of  the  specimen,  since  this  was  supposed  to  represent 
most  nearly  the  conditions  found  in  actual  use.  The  method  of  attack  adopted  in  this  investi¬ 
gation  calls  for  a  more  definite  description  of  the  condition  of  air  flow  through  the  radiator,  in 
order  to  allow  the  performance  of  a  radiator  in  any  position  on  the  plane  to  be  determined. 

A  careful  distinction  must  be  made  between  the  speed  of  the  air  approaching  the  radiator, 
or  the  speed  at  which  the  radiator  is  being  carried  through  the  air  (free  airspeed),  and  the  amount 
of  air  which  actually  passes  through  the  radiator  (mass  flow).  When  experiments  are  made  in 
a  bulkhead  tunnel  (a  tunnel  in  which  the  specimen  completely  blocks  the  channel)  all  the  air 
which  flows  through  the  tunnel  is  forced  through  the  tubes  of  the  specimen;  while  when  the 
specimen  is  supported  in  a  tunnel  whose  cross  sectional  area  is  large  relative  to  the  specimen, 
the  amount  of  air  flowing  through  the  specimen  depends  upon  the  character  of  its  design. 

In  the  British  reports  mention  is  made  of  the  differing  results  obtained  as  affected  by 
the  kind  of  tunnel  used.  Their  conclusion  was  to  use  the  results  obtained  in  the  free  air  tunnel. 

i  This  Report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  42. 
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The  French  attempted  to  measure  the  “penetration  de  Fair”  by  means  of  pitot  tubes  placed 
at  various  distances  in  front  of  and  behind  the  radiator,  but  the  results  are  only  comparative 
and  furnish  no  measure  of  the  actual  mass  flow  of  air. 

Since  the  air  which  actually  flows  through  the  core  determines  the  heat  dissipated,  deter¬ 
minations  of  the  heat  dissipated  in  terms  of  free  air  speed  are  not  applicable  directly  to  radiators 
placed  in  any  position  where  the  flow  of  air  is  obstructed.  Consequently,  heat  transfer  and 
other  properties  of  cores  have  been  measured  and  expressed  in  terms  of  the  mass  flow  of  air 
through  the  core.  A  specially  designed  air  Venturi  has  been  devised  with  which  this  mass 
flow  of  air  can  be  measured,  at  least  roughly,  under  almost  any  conditions,  and  can  be  obtained 
by  laboratory  tests  in  the  case  of  a  radiator  placed  in  the  free  air  with  all  the  accuracy  required. 

In  general,  the  mass  flow  constant  will  be  defined  as  the  ratio  of  the  mass  of  air  actually 
passing  through  the  radiator  to  that  which  would  pass  through  the  same  area  if  it  were  unob¬ 
structed. 


from  the  above  discussion  of  mass  flow  and  free  air  speed  it  is  seen  that  there  are  two 
general  classes  of  positions  in  which  a  radiator  may  be  placed  on  the  plane,  either  that  in  which 
the  mass  flow'  through  the  radiator  is  dependent  solel}"  on  the  properties  of  the  core,  or  when 
it  depends  also  upon  the  location  on  the  plane. 

If  the  radiator  is  placed  so  that  the  air  may  pass  through  or  around  it  without  obstruction, 
it  is  said  to  be  in  ail  unobstructed  position,  and  the  properties  of  the  radiator  so  placed  are 
dependent  solely  upon  the  characteristics  of  the  core,  so  that  the  effect  of  the  radiator  on  the 
plane  may  be  computed  from  the  results  of  laboratory  tests.  In  particular,  the  power  which 
is  required  to  carry  the  radiator,  that  is,  to  lift  its  weight  and  overcome  its  head  resistance, 
may  be  computed. 

If  the  heat  dissipated  by  an  unobstructed  radiator  is  expressed  in  horsepower  (1  H.  P.  =  42.4 
B.  t.  u.  per  minute)  this  quantity  may  be  divided  by  the  power  absorbed  in  carrying  the  radiator, 
both  at  the  same  free  air  speed,  and  the  result  wili  be  a  quantity  which  expresses  the  efficiency 
of  the  radiator  and  may  be  used  to  compare  various  types  of  core.  This  quantity  is  called  the 
“figure  of  Merit,”  and  is  the  criterion  for  a  core  to  be  used  in  an  unobstructed  position. 

When  the  air  flow  around  the  radiator  is  materially  interfered  with  by  other  parts  of  the 
plane,  the  radiator  is  said  to  be  obstructed.  I  ho  nose  of  the  fuselage  and  in  the  plane  of  the 
wing  are  the  most  important  obstructed  positions.  The  air  flow  through  such  a  radiator  (i.  e., 
its  mass  flow  constant),  and  consequently  the  cooling  and  other  properties  depend,  not  only 
on  the  type  of  core,  but  on  the  position  and  surroundings.  If  the  air  flow  through  the  core  is 
known,  the  heat  transfer  can  be  found  from  tests  such  as  have  been  carried  out  on  a  large 
number  of  cores  at  this  bureau.  The  absorption  of  power  which  is  chargeable  to  the  radiator 
depends,  however,  not  only  on  the  properties  of  the  core  but  on  what  decreases  in  total  resist¬ 
ance  could  be  obtained  by  structural  alterations  in  the  plane  if  the  radiator  were  not  required. 
1  he  hguie  of  me* it  of  such  a  radiator  can  consequently  be  found  accurately  only  by  experi¬ 
ments  on  models  of  ea  h  type  of  plane  or  by  tests  on  lull  size  planes. 

An  indication  of  the  desirable  properties  for  such  a  core  can  be  obtained  by  noting  that 
the  resistance  to  the  flow  of  air  through  the  core  is  composed  of  the  resistance  of  the  core  and 
the  resistance  offered  by  the  surrounding  portions  of  the  plane.  In  the  case  of  a  core  placed 
in  the  nose  of  the  fuselage  the  latter  resistance  is  large  compared  with  the  resistance  of  the 
core  itself.  It  is  therefore  desirable  to  use,  in  an  obstructed  position,  a  core  having  a  large 
amount  of  effective  cooling  surface  per  square  foot  of  frontal  area  so  that  with,  a  given  air  flow 
the  maximum  amount  of  heat  may  be  dissipated. 

At  the  end  of  this  report  there  are  given  curves  showing  the  properties  of  two  of  the  best 
types  of  core  for  use  in  unobstructed  positions  (plots  1  and  2)  and  two  of  the  best  types  for 
use  in  obstructed  positions  (plots  3  and  4)  that  have  been  tested. 

ihe  oner gy  dissipated  is  given  in  horsepower  per  square  foot  of  frontal  area  of  core  when 
there  is  a  temperature  difference  of  100°  F.  between  the  entering  air  and  the  mean  of  the  tem¬ 
peratures  of  the  entering  and  leaving  water.  It  has  been  shown  that  the  energy  dissipated 
may  be  assumed  to  be  proportional  to  the  temperature  difference  as  thus  defined  and  to  vary 
directly  as  the  frontal  area  of  the  radiator. 
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The  head  resistance  is  the  force  on  the  radiator  when  the  air  strikes  it  normally.  It  is 
expressed  in  pounds  per  square  foot  of  frontal  area  for  an  air  density  of  0.0750  pounds  per 
cubic  foot. 

The  horsepower  absorbed  per  square  font  of  frontal  area  is  computed  by  dividing  the  weight, 
in  pounds  per  square  foot  frontal  area,  by  a  lift — drift  ratio  (for  an  average  plane)  of  5.4,  add¬ 
ing  this  to  the  head  resistance  in  pounds  per  square  foot  frontal  area  and  multiplying  the  sum 
by  the  free  air  speed  in  miles  per  hour  and  by  a  conversion  factor  (1/375)  to  obtain  horsepower. 
It  must  be  remembered  that  this  quantity  is  of  significance  only  in  the  case  of  an  unobstructed 
radiator,  since  it  is  under  free  air  conditions  that  the  head  resistance  is  measured.  Considered 
as  a  function  of  the  mass  flow  through  the  radiator  it  is  probable  that  this  value  represents  the 
minimum  possible  absorption  of  power  in  the  case  of  an  obstructed  radiator,  and  that  to  it 
must  be  added  any  resistance  due  to  obstruction  of  the  air  after  passing  through  the  core. 
Power  absorbed  by  resistance  caused  by  necessary  alterations  of  the  fuselage  from  the  best 
streamline  form  possible  without  the  radiator  must  also  be  charged  to  the  radiator. 

The  figure  of  merit,  as  explained  above,  is  the  energy  dissipated  by  a  radiator  which  absorbs 
one  horsepower.  It  also  is  of  significance,  as  computed,  only  for  an  unobstructed  radiator. 
It  must  not  be  confused  with  the  British  “figure  of  merit,”  which  is  a  quantity  of  the  same 
sort,  but  which  is  expressed  in  arbitrary  units. 

The  curve  sheets  also  contain  the  most  important  structural  characteristics  of  the  cores, 
namely,  the  depth,  the  total  area  of  the  cooling  surface  per  square  foot  front,  the  percentage 
of  the  total  surface  which  is  direct  (backed  by  flowing  water),  the  percentage  free  area  (the 
percentage  of  the  total  frontal  area  which  is  occupied  by  the  air  tubes),  the  weight  of  the  core 
empty  per  square  foot,  and  the  weight  of  the  water  contained  in  a  square  foot  of  core. 

Effect  of  rate  of  water  flow. — The  effect  of  water  velocity  on  the  heat  dissipated  is  shown 
in  plot  6.  It  indicates  that  at  water  flows  commonly  used  in  practice  the  energy  dissipated, 
when  the  mean  water  temperature  is  used  in  computing  the  temperature  difference,  is  not 
affected  by  the  rate  of  water  flow.  At  low  water  velocities  it  decreases  rapidly.  The  same 
general  behavior  is  shown  by  all  the  types  of  core  tested. 

Since  in  practice  the  temperature  of  the  entering  water  must  not  be  too  near  boiling, 
and  the  temperature  drop  in  the  water  will  decrease  with  increased  water  flow,  the  mean 
water  temperature  may  be  somewhat  higher  with  a  high  rate  of  flow  than  with  a  low  one. 
This  consideration  points  to  the  use  of  a  water  flow  of  from  one-fourth  to  one-half  gallon  per 
minute  per  horsepower  to  be  dissipated,  the  latter  value  being  desirable  if  the  resistance  of 
the  radiator  to  water  flow  is  not  too  great. 

The  work  on  the  performance  of  radiators  at  high  altitudes  (see  Report  No.  62)  carried  out 
in  a  wind  tunnel  inclosed  in  a  steel  tank  from  which  the  air  could  be  partially  exhausted,  has 
shown  that  the  heat  dissipated  by  a  radiator  will  be  constant  for  a  given  mass  flow  of  air, 
regardless  of  air  density,  and  that  the  head  resistance  probably  varies  directly  as  the  density 
for  a  given  free  air  speed.  We  may  assume  that  the  energy  dissipated  varies  directly  as  the 
temperature  difference,  as  defined  above. 

Plot  5  contains  two  curves  marked  “Temperature  factor”  and  “Density  factor,”  respect¬ 
ively.  The  temperature  factor  is  the  approximate  ratio  of  the  temperature  difference  (between 
air  and  water)  likely  to  be  encountered  at  an  altitude  to  that  to  which  the  ground  tests  are 
reduced,  viz,  100°  F.  The  density  factor  is  the  ratio  of  the  probable  density  of  the  air  at  an 
altitude  to  that  to  which  the  ground  tests  are  reduced,  viz,  0.0750  lb./cu.  ft.  These  two  curves 
are  based  on  the  assumption  of  a  mean  summer  temperature  and  density  of  air  and  a  mean 
water  temperature  30°  F.  below  the  boiling  point.  They  accordingly  represent  only  one  of 
many  conditions  that  might  be  met  and  are  given  for  the  sake  of  illustration. 

With  these  factors  and  the  experimental  facts  mentioned  above,  the  performance  of  a 
radiator  at  any  altitude  can  be  estimated  from  the  performance  at  ground  as  follows: 

Energy  dissipated. — Obtain  the  mass  flow  at  the  given  altitude  by  multiplying  the  mass 
flow  at  ground  by  the  density  factor.  Obtain  the  energy  dissipated  per  100°  F.  (actual)  from 
the  curve  of  energy  dissipated  in  terms  of  mass  flow,  as  determined  in  laboratory  tests,  and 
multiply  this  energy  dissipated  by  the  temperature  factor. 
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Head  resistance. — Multiply  the  head  resistance  at  ground  by  the  density  factor. 

rr  ,  .  ,  /TT  j  .  ,  ,  weight,  filled  \  / speed  in  mi./hr.\  ,  . 

Horsepower  absorbed  =  I  Head  resistance 4- pf^^ftTatio 7  \~ - 375 - )’  wiiere  weight 

is  in  pounds  per  square  foot  of  frontal  area. 

r,.  r  ..  energy  dissipated 

Figure  of  merit  =, - — - f — ,  ,  • 

*  J  horsepower  absorbed 
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THE  ALTITUDE  LABORATORY  FOR  THE  TESTING  OF  AIRCRAFT  ENGINES. 

By  H.  C.  Dickinson  and  H.  G.  Boutell. 


INTRODUCTION. 

A  brief  description  of  the  altitude  laboratory  constructed  at  the  Bureau  of  Standards  for 
the  National  Advisory  Committee  for  Aeronautics  was  published  in  the  third  annual  report  of 
this  committee.  This  description  was  prepared  shortly  after  the  equipment  had  been  completed 
and  before  a  sufficient  number  of  observations  had  been  made  to  much  more  than  demonstrate 
the  practicability  of  operating  airplane  engines  in  a  test  chamber  at  any  desired  air  pressure 
and  analyzing  their  performance.  Since  the  preparation  of  that  report  the  laboratory  has 
been  in  continuous  service  for  more  than  a  year,  except  for  the  occasional  delays  incident  to 
the  usual  minor  revisions  of  apparatus  and  perfecting  of  means  and  methods  of  observation 
to  be  expected  in  any  new  research  work.  It  may  be  stated,  without  reservation,  that  the 
laboratory  has  fully  justified  the  most  sanguine  expectations  as  to  its  practicability  and  has 
already  yielded  results  of  much  importance. 

FACTORS  IN  ENGINE  PERFORMANCE  STUDIES  IN  THE  ALTITUDE  LABORATORY. 

The  principal  factors  in  engine  performance,  aside  from  general  reliability  and  useful  life, 
which  can  be  determined  only  from  statistics  of  performance  of  a  large  number  of  engines,  are 
as  follows : 

(1)  Horsepower  and  brake  mean  effective  pressure  at  full  throttle  for — 

(a)  All  air  pressures  down  to  the  lowest  to  be  encountered  in  flight. 

(b)  All  air  temperatures  to  be  expected. 

(c)  All  operating  speeds. 

(d)  Different  grades  of  fuel. 

( e )  Various  gasoline-air  proportions. 

(/)  Various  s  ”■  ark  settings. 

{g)  Various  'ket  water  temperatures. 

(h)  Various  ^d  temperatures. 

(i)  Various  back  pressures  on  the  exhaust. 

(2)  Horsepower  and  brake  mean  effective  pressure  at  part  throttle,  under  the  same  con¬ 

ditions  as  (1). 

(3)  Mechanical  losses : 

(a)  Total  mechanical  losses  at  operating  speeds  under  any  condition  mentioned 

in  (1)  and  (2)  with  full  and  part  throttle. 

( b )  Elements  of  mechanical  loss,  including  friction  of  bearings,  friction  of  piston 

on  cylinder  walls,  pumping  losses,  and  variation  of  these  losses  with  oil 
temperature  or  viscosity. 

(4)  Heat  distribution,  including  the  following: 

(a)  Total  heat  of  fuel. 

( b )  Heat  equivalent  of  brake  horsepower. 

(c)  Heat  loss  in  jacket. 

(d)  Heat  loss  in  exhaust. 

( e )  Heat  loss  in  direct  radiation. 

(f)  Heat  gain  in  combustion  of  lubricating  oil. 

(i g)  Heat  lost  through  mechanical  friction. 
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The  dependence  of  these  quantities  on — 

1.  Air  density  and  temperature. 

2.  Engine  speed. 

3.  Mixture  ratio  (fuel  to  air). 

4.  Atomization  of  fuel. 

5.  Composition  of  fuel. 

6.  Throttle  opening. 

(5)  Fuel  consumption,  depending  upon — 

(a)  Air  density. 

(b)  Air  temperature. 

(c)  Engine  speed. 

id)  Throttle  opening  or  power  output. 

(e)  Carburetor  adjustments  for  maximum  power,  or  for  maximum  economy. 

(f)  Miscellaneous  operating  conditions. 

(6)  Exhaust  gas  analysis : 

(a)  Quality  of  exhaust  for  the  different  operating  conditions  listed  in  (5). 

(7)  Pressure  distribution  in  power  stroke — 

(a)  As  affected  by  engine  operating  conditions  at  various  air  densities  and  with 
fuels  of  different  compositions  and  with  various  timings  of  the  ignition. 

(8)  Oil  consumption. 

(9)  Oil  deterioration. 

(10)  Carburetor  performance: 

(а)  Compensation  for  variations  in  atmospheric  pressure. 

(б)  Compensation  for  throttle  changes. 

(c)  Compensation  for  varying  air  temperatures. 

(d)  Idling  and  acceleration  characteristics. 

(11)  Supercharging  devices  as  applied  to  engines. 

(12)  Low  air  pressures  and  temperatures  as  affecting  general  performance  of  engines  and 

miscellaneous  accessories. 

The  altitude  laboratory  has  been  designed  and  equipped  to  supply  data  concerning  most 
of  the  foregoing  factors. 

PROVISIONS  FOR  CONTROLLING  OPERATING  CONDITIONS. 

The  conditions  of  air  pressure  and  temperature,  as  well  as  humidity  if  necessary,  can  be 
varied  and  controlled  at  will  to  simulate  conditions  at  altitudes  as  high  as  30,000  feet;  the 
pressure  being  independently  controlled  at  the  intake  and  exhaust  of  the  engine,  as  well  as  in 
the  test  chamber. 

Temperature  of  the  jacket  water  is  controlled  either  automatically  or  by  hand;  and  oil 
temperatures  can  be  regulated  by  means  of  special  arrangements  adapted  to  the  particular 
engine  under  test. 

Engine  speed  and  load  are  controlled  by  means  of  an  electric  dynamometer,  combined  with 
a  water  brake  to  care  for  excess  load.  Mixture  ratio,  spark  setting,  etc.,  are  adjusted  in  the 
usual  manner  from  outside  the  chamber. 

PROVISIONS  FOR  MEASUREMENT. 

Torque  and  speed  are  measured  by  direct  methods,  while  fuel  consumption  is  determined 
by  direct  weighing,  with  a  rate  of  flow  meter  for  convenience.  Separate  weighing  tanks  are 
provided  in  order  to  compare  different  fuels. 

Rates  of  water  flow  are  measured  at  the  following  points  by  means  of  calibrated  Venturi 
meters : 

(а)  In  the  water  jacket  line,  measuring  water  circulation  through  the  cylinder 

jackets. 

(б)  In  the  line  supplying  cooling  water  to  the  exhaust,  permitting  measurement  of 

the  heat  in  the  exhaust. 

(c)  In  the  line  supplying  cooling  water  to  the  oil  cooler,  permitting  measurement  of 
the  heat  in  the  oil. 
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Rate  of  air  flow  to  the  carburetor  is  measured  by  means  of  a  large  venturi  tube,  which  has 
been  compared  with  a  Thomas  meter,  the  latter  also  having  been  used  for  metering  the  intake 
air.  Where  the  carburetor  design  permits  of  it,  measurements  of  air  flow  may  be  made  by 
previous  calibration  of  the  carburetor  choke  in  the  carburetor  test  plant  at  different  air  densities. 
This  is  a  newly  developed  method  which  offers  promise  of  excellent  results. 

The  rate  of  oil  flow  is  to  be  measured  in  special  cases  by  oil  Venturis,  but  these  have  not 
yet  been  completed. 

Pressure  measurements  are  made  at  numerous  points,  depending  upon  the  special  problem 
in  hand.  For  this  purpose,  there  are  provided  an  adequate  number  of  copper  tube  connections 
running  from  the  chamber  to  a  gauge  board  on  the  outside,  which  is  fitted  with  glass  U  tubes 
for  use  with  mercury  or  water  as  may  be  required.  This  gauge  board  is  described  in  detail  in 
a  subsequent  paragraph. 

Measurements  of  maximum  compression  pressure  and  maximum  explosive  pressure  are 
made  by  two  different  types  of  pressure  indicators,  which  give  very  satisfactory  check  results. 
No  satisfactory  measurements  of  cylinder  pressures,  other  than  maximum  pressures  have  yet 
been  made.  Much  time  has  been  devoted  to  the  perfecting  of  a  satisfactory  pressure  indicator. 
This  device  has  now  reached  the  stage  of  trial  observations  and  promises  good  results.  None 
of  the  several  pressure  indicators  on  the  market  can  be  readily  adapted  to  use  on  an  engine  in  a 
closed  test  chamber,  where  the  indicator  can  not  be  reached  by  the  operator.  The  design  under 
construction  is  adapted  to  this  condition. 

Temperature  measurements  are  all  made  by  means  of  calibrated  thermo-electric  couples, 
which  in  the  hands  of  a  skillful  observer  can  be  relied  upon  to  an  accuracy  of  0.1°  F.,  or  much 
better  than  this  if  occasion  requires. 

Exhaust  gas  samples  can  be  withdrawn  from  any  one  of  the  cylinders  of  a  twelve-cylinder 
engine  by  means  of  copper  tubes  connected  to  the  independent  exhaust  manifold  of  each  cylinder. 
Comparatively  few  exhaust  gas  analyses  have  been  made  up  to  the  present  time.  Apparatus 
has  been  perfected  and  is  under  construction  which  will  permit  of  continuous  indication  of  all 
the  important  constituents  of  the  exhaust  gases,  but  the  apparatus  is  not  yet  complete. 

GENERAL  DESCRIPTION  OF  THE  ALTITUDE  LABORATORY. 

Briefly,  the  laboratory  consists  of  a  concrete  chamber,  within  which  the  engine  is  mounted, 
and  from  which  the  air  may  be  exhausted  to  any  pressure  as  low  as  one-third  of  an  atmosphere, 
by  means  of  a  Nash  centrifugal  exhauster.  At  the  same  time  the  air  is  cooled  to  a  temperature 
corresponding  as  nearly  as  possible  to  that  encountered  at  the  altitude  of  the  test,  by  passing  it 
over  refrigerating  coils.  In  the  interior  of  the  chamber  electrically  driven  fans  are  mounted 
which  circulate  the  air  over  the  coils  and  about  the  engine.  As  before  mentioned  the  power 
of  the  engine  is  absorbed  and  measured  by  an  electric  dynamometer  and  a  water  brake  mounted 
outside  the  chamber  and  connected  to  the  engine  through  a  flexible  coupling.  The  general 
arrangement  of  the  laboratory  is  shown  in  figure  1. 

It  will  thus  be  seen  that  the  conditions  encountered  in  actual  flight  can  be  closely  duplicated, 
while  at  the  same  time  all  the  necessary  data  may  be  taken  and  easily  recorded  under  the  most 
favorable  conditions  for  observation.  A  detailed  description  of  the  laboratory  follows : 

BUILDING. 

The  altitude  laboratory  is  housed  at  present  in  a  temporary  building  of  frame  and  stucco, 
having  a  rectangular  floor  plan,  measuring  about  24  by  50  feet.  In  the  near  future  the  present 
equipment,  together  with  a  duplicate  set  of  apparatus,  will  be  set  up  in  a  permanent  brick  and 
concrete  structure,  which  is  being  built  especially  for  this  purpose.  There  are  no  features  of 
the  present  building  to  call  for  special  comment. 

THE  ALTITUDE  CHAMBER. 

Early  in  the  preliminary  work  it  was  decided  that  in  order  to  obtain  satisfactory  results 
the  engine  under  test  would  have  to  be  surrounded  by  the  conditions  obtained  during  an  actual 
flight. &  This  necessitated  the  design  of  a  test  chamber  of  sufficient  size  to  accommodate  the 


Fig.  1. 

General  arrangement  of  the  present  Altitude  Laboratory  showing  relative  position  of  altitude  chamber  and  auxiliary  apparatus. 
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largest  engine  with  the  necessary  auxiliary  apparatus,  such  as  cooling  coils  and  fans,  and  with 
sufficient  space  to  work  around  the  engine  for  adjustments  and  repair.  To  meet  these  require¬ 
ments  a  concrete  chamber,  6  feet  2  inches  wide  by  15  feet  long  by  6  feet  6  inches  high,  inside 
measurements,  was  constructed.  The  walls  of  the  chamber  are  1  foot  thick,  heavily  reinforced 
with  %-inch  steel  bars  to  withstand  the  pressure  of  the  atmosphere  outside  the  chamber. 
There  are  two  doors  opening  on  opposite  sides  of  the  chamber,  4  feet  by  6  feet  6  inches  in  size. 
The  doors  swing  on  hinges  and  close  against  heavy  rubber  gaskets.  They  are  built  up  of  2  by  7- 
inch  oak  beams,  4J4  feet  long  and  spaced  7  inches  between  centers,  the  outside  being  covered 
with  K-inch  soft  wood  loosely  held  with  headless  nails,  and  covered  over  with  air-proof  roofing 
paper.  This  construction  was  adopted  to  safeguard  against  possible  explosions  inside  the 
chamber,  in  which  case  the  light  covering  of  the  doors  might  be  blown  off  without  injury  to  the 
concrete  walls.  Each  door  contains  three  small  glass  windows  through  which  a  view  of  the 
engine  may  be  obtained  during  a  test.  The  interior  of  the  chamber  is  lined  with  cork  for 
insulation,  and  to  guard  against  excessive  air  leaks;  the  outside  is  covered  with  a  very  heavy 
coating  of  asphalt  paint. 

The  chamber  may  be  considered  as  divided  into  two  parts,  the  first  containing  the  engine 
and  the  second  the  cooling  coils.  The  engine  is  mounted  on  a  special  stand  at  the  right  end 
of  the  chamber  as  shown  in  figures  1  and  9.  In  order  to  control  the  engine  during  a  test,  cables 
are  led  from  the  spark  and  throttle  levers,  etc.,  through  holes  in  the  walls.  The  walls  are  also 
pierced  for  the  necessary  pipes  and  wiring,  each  hole  being  closed  by  a  flange  and  gasket,  through 
which  the  connections  are  made.  A  perspective  view  of  the  chamber  with  these  openings 
numbered  is  given  in  figure  2,  while  an  elevation  is  given  in  figure  3,  both  being  diagrammatic. 
The  uses  of  these  openings  vary  somewhat  with  the  particular  type  of  engine  being  tested,  but 
the  following  may  be  taken  as  typical : 

(1)  Air  inlet  to  chamber.  Controlled  by  a  valve. 

(2)  Exhaust  outlet  from  engine.  (One  side  of  “V”  motor.) 

(3)  Ammonia  to  cooling  coils  in  chamber. 

(4)  Exhaust  outlet  from  engine.  (One  side  of  "V”  motor.) 

(5)  Thermocouple  leads. 

(6)  Oil  inlet,  connecting  oil  pressure  tank  outside  chamber  to  engine  sump. 

(7)  Bleeder  valve  to  admit  air  to  chamber. 

(8)  Gasoline  inlet  to  carburetor. 

(9)  Shaft  connecting  engine  to  dynamometer. 

(10)  Oil  cooling  water  pipes. 

(11)  Electric  light  and  ignition  wires. 

(12)  Air  pipe  connecting  chamber  to  exhauster. 

(13)  Exhaust  gas  sampling  tubes. 

(14)  Exhaust  cooling  water  inlet. 

(15)  Jacket  water  inlet. 

(16)  Jacket  water  outlet. 

(17)  Pressure  tubes  to  manometer  board. 

(18)  Carburetor  air  inlet. 

(19)  Pressure  tubes  to  manometer  board  and  engine  controls. 

THE  ENGINE  SUPPORT. 

The  engine  support  was  designed  for  the  purpose  of  duplicating  as  nearly  as  possible  the 
flexibility  and  the  inertia  of  the  typical  fuselage  mounting.  The  design  developed  makes 
possible  an  accurate  adjustment  of  stiffness  as  regards  transverse  and  vertical  vibration  and 
rotation  about  each  of  the  three  principal  axes  of  the  engine.  Since  no  data  were  at  hand  as 
to  the  corresponding  characteristics  of  any  fuselage  mountings,  the  support  was  constructed 
on  the  basis  of  estimates  of  these  constants,  and  appears  to  possess  nearly  the  desired  charac¬ 
teristics  for  the  engines  mounted  on  it  up  to  the  present  time. 
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The  design  of  this  support  is  illustrated  in  figure  4.  Two  oak  beams,  A,  in  this  case  2  by  6 
inches  by  6  feet  3  inches  long,  are  supported  at  the  ends  to  form  the  basis  of  the  mounting. 
The  engine  is  mounted  directly  on  two  supplementary  beams,  B,  of  2  by  4  inch  section  and  of 
the  length  required  for  the  particular  engine  under  test.  These  supplementary  beams  are 
free  from  the  main  beams  except  at  two  points  where  they  are  bolted  together  through  a  thin 
separating  block,  C.  Two  yokes,  E,  are  provided  to  prevent  torsion  of  the  individual  beams, 
but  have  no  other  effect,  as  they  are  free  from  contact  with  any  other  part  of  the  structure. 

Selection  of  the  dimensions  of  the  main  beams  and  adjustment  of  the  spacing  between 
the  points  of  support  of  the  secondary  beams  permits  of  adjustment  of  vertical  and  lateral 
stiffness  and  approximate  adjustment  of  resistance  about  vertical  and  horizontal  axes  at  right 
angles  to  the  axis  of  the  crank  shaft.  Stiffness  as  regards  rotation  about  the  latter  axis  can 
be  adjusted  by  a  third  beam  of  proper  dimensions  rigidly  connected  at  the  ends  and  to  the 
yoke  rods  F,  although  the  addition  of  this  member  has  not  been  found  necessary. 

THE  AIR  COOLING  SYSTEMS. 

The  air  cooling  system  may  be  divided  into  three  parts,  the  refrigerating  plant,  the  cooling 
system  for  the  carburetor  air,  and  the  cooling  system  for  the  interior  of  the  altitude  chamber. 

The  refrigerating  plant  is  installed  in  the  left-hand  portion  of  the  building,  as  seen  in 
figure  1.  The  ammonia  compressor  is  a  9  by  9  inch,  double  cylinder,  vertical,  inclosed  machine, 
with  a  refrigerating  capacity  of  25  tons  in  24  hours,  and  was  built  by  the  York  Manu¬ 
facturing  Co.,  York,  Pa.  It  is  belt  driven  from  a  50-horsepower  electric  motor.  The  plant 
operates  on  the  direct-expansion  system,  the  ammonia  condenser  being  placed  against  the 
outside  of  the  west  wall  of  the  building,  with  the  ammonia  receiver  along  the  north  wall,  back 
of  the  compressor. 

The  cooling  system  for  the  carburetor  air  consists  of  a  bank  of  ammonia  coils  mounted 
on  top  of  the  altitude  chamber.  The  coils  are  made  up  of  2,000  feet  of  1  pf-inch  pipe,  inclosed 
in  a  box  and  insulated  with  4  inches  of  sawdust.  The  air  is  made  to  pass  through  this  box 
in  a  tortuous  path,  and  is  then  led  through  an  insulated  pipe  provided  with  a  set  of  electric 
heating  grids  and  a  regulating  valve  to  the  test  chamber  through  opening  18.  From  this  inlet 
it  passes  through  the  air  meter  to  the  carburetor.  In  this  way  warm  or  cold  air  may  be  sup¬ 
plied  to  the  intake  as  required. 

The  system  for  cooling  the  air  within  the  chamber  is  made  up  of  a  bank  of  800  feet  of  1  %- 
inch  ammonia  coils,  placed  in  the  left-hand  portion  of  the  altitude  chamber,  as  shown  in  figures 
1  and  3.  Four  motor-driven  fans  are  provided  to  force  the  air  over  these  coils,  while  another 
fan  is  installed  to  circulate  the  air  past  the  engine  itself  when  desired. 

By  means  of  the  refrigerating  plant  and  cooling  system  just  described  it  is  possible  to 
reduce  the  temperature  of  the  air  admitted  to  the  carburetor  and  that  within  the  test  chamber 
to  a  point  approximating  the  temperature  at  any  altitude  up  to  about  30,000  to  40,000  feet, 
depending  upon  the  size  of  the  engine.  Owing  to  the  fact  that  the  temperature  can  not  be 
readily  controlled  by  means  of  the  refrigerating  plant  the  air,  after  cooling  and  before  admission 
to  the  carburetor,  is  passed  over  a  series  of  electric  grids,  by  means  of  which  the  temperature 
may  be  raised  again  and  kept  at  any  desired  point.  The  current  flowing  through  these  grids 
is  controlled  by  conveniently  placed  switches.  Some  difficulty  has  been  experienced  due  to 
the  condensation  of  moisture  which  occasionally  causes  a  “snowstorm”  in  the  air  passage  to 
the  carburetor.  It  is  hoped  that  this  difficulty  will  be  entirely  overcome  in  the  new  laboratory, 
through  the  elimination  of  leaks  into  the  refrigerating  chamber  and  the  use  of  what  may  be 
termed  a  “settling  chamber,”  through  which  the  air  will  pass  after  beiug  cooled,  and  in  which 
the  air  flow  will  be  so  sluggish  that  the  snow  will  be  deposited. 

THE  JACKET  CIRCULATING  WATER  COOLING  SYSTEM. 

The  jacket  water  cooling  system  is  shown  in  figure  5  and  is  arranged  as  follows:  Above  the 
altitude  chamber  is  placed  a  cylindrical  iron  tank  connected  to  the  inlet  and  outlet  pipes  of  the 
engine’s  circulating  system,  and  with  another  pipe  from  the  city  mains,  while  an  overflow  leads  to 
the  sewer.  A  thermostat  is  placed  within  the  tank,  the  brass  rod  of  this  device  controlling  a  pilot 
Valve  which  admits  or  discharges  city  water  from  a  bellows,  which  in  turn  controls  the  main  valve 
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Fig.  2. 

Diagrammatic  perspective  of  altitude  chamber. 


Diagrammatic  section  of  chamber  showing  relative  location  of  refrigeration 
coils  and  exhaust  connections. 


Diagrammatic  arrangement  of  circulating  water  piping  and  thermostat  temperature  control  arrangement. 
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on  the  city  supply  pipe.  In  case  the  temperature  of  the  water  in  the  tank  rises  above  a  certain 
point,  the  expansion  of  the  thermostat  rod  causes  the  pilot  valve  to  open,  admitting  water 
to  the  bellows,  and  thus  allowing  cold  water  from  the  city  supply  mains  to  flow  into  the  tank. 
When  the  temperature  has  again  fallen  the  contraction  of  the  thermostat  rod  closes  the  pilot 
valve  and  allows  the  water  to  escape  slowly  from  the  bellows.  Two  coil  springs  then  close 
the  main  valve,  cutting  off  the  supply. 

The  thermostat  is  mounted  in  the  fitting  through  which  the  water  enters  the  tank  from 
the  engine  jackets  and  also  from  the  city  mains.  It  is  therefore  very  sensitive  to  slight  changes 
in  temperature;  a  very  important  matter  in  a  laboratory  of  this  sort,  since  even  a  compara¬ 
tively  slight  variation  in  the  temperature  of  the  circulating  water  affects  the  heat  distribution 
in  the  entire  engine.  In  practice  it  has  been  found  possible  to  hold  the  temperature  of  the 
jacket  water  to  a  variation  of  about  2°  C. 

THE  EXHAUST  COOLING  SYSTEM. 

The  exhaust  cooling  system  is  shown  diagrammatically  in  figures  3  and  5.  The  exhaust 
pipes  connected  to  the  engine  are  water  jacketed,  the  inner  pipe  extending  down  about  3  feet 
from  the  exhaust  port,  while  the  outer  pipe  or  jacket  is  continued  from  the  exhaust  port  to 
the  main  exhaust  manifold  in  the  form  of  a  flexible  tube.  In  this  way  the  whole  connection 
is  flexible.  This  arrangement  is  clearly  shown  in  figure  9.  The  water  from  the  annular  space 
mixes  with  the  exhaust  gases  only  at  a  point  a  considerable  distance  from  the  engine.  The 
water  enters  the  altitude  chamber  through  opening  14  and  is  distributed  to  the  different 
exhaust  pipes  as  shown. 

The  mixture  of  exhaust  gases  and  water  passes  through  two  5-inch  pipes  to  the  auxiliary 
exhaust  tanks,  placed  just  outside  the  chamber,  as  shown  in  figures  1,  3,  and  11.  Here  the 
water  is  drained  off  while  the  gases  pass  to  the  exhauster.  The  drain  pipe  has  a  drop  of  about 
25  feet,  with  a  seal  at  its  lower  end,  which  effectually  prevents  the  breaking  of  the  vacuum  in 
the  exhaust  tanks. 

THE  EXHAUSTING  SYSTEM. 

The  auxiliary  exhaust  tanks  are  both  connected  to  a  6-inch  main  which  leads  to  the 
centrifugal  exhauster.  Another  3-inch  pipe  is  led  from  the  main  directly  to  the  altitude  chamber 
and  serves  to  withdraw  the  air  from  the  latter,  thus  maintaining  the  barometric  pressures  on 
the  exhaust  and  within  the  chamber  approximately  equal.  By  means  of  a  valve  communi¬ 
cating  with  the  outside  air,  placed  near  the  exhauster,  the  pressures  maintained  may  be  easily 
regulated  irrespective  of  the  speed  of  the  pump. 

The  exhauster  is  of  the  Nash  “hydroturbine”  type,  size  No.  7,  made  by  the  Nash  Engi¬ 
neering  Co.,  South  Norwalk,  Conn.,  and  has  a  rated  capacity  of  1,500  cubic  feet  per  minute 
at  a  12-inch  vacuum,  at  300  r.  p.  m.  (fig.  11).  It  is  belt-driven  from  a  75-horsepower,  direct- 
current  motor,  and  discharges  to  a  point  outside  the  building. 

THE  DYNAMOMETER. 

The  connection  from  the  engine  to  the  dynamometer  is  made  through  the  flexible  coupling 
shown  in  figure  6. 

The  electric  dynamometer  is  mounted  on  a  concrete  foundation  at  the  right  of  the  alti¬ 
tude  chamber,  as  shown  in  figure  1.  It  was  built  by  the  Sprague  Works  of  the  General 
Electric  Co.,  and  has  a  rated  capacity  of  300  horsepower,  though  it  is  capable  of  caring  for 
considerable  overloads.  The  dynamometer  consists  essentially  of  a  direct-current  generator, 
the  field  ring  of  which  is  free  to  rotate  with  the  armature,  except  as  this  rotation  is  opposed 
by  a  connection  to  a  scale  beam,  which  therefore  measures  the  torque  delivered  to  the  machine. 
An  auxiliary  spring  balance  is  also  used,  interposed  between  the  torque  arm  of  the  dyna¬ 
mometer  and  the  scale  beam,  which  serves  as  a  handy  means  for  measuring  the  approximate 
torque.  Current  from  the  dynamometer  is  controlled  from  a  switchboard  placed  nearby  and 
may  either  be  dissipated  in  grids  placed  outside  the  building  or  may  be  returned  to  the  regular 
power  lines  of  the  bureau.  The  dynamometer,  with  its  scale  beam,  is  shown  in  figure  10. 

As  the  plant  was  originally  laid  out  for  the  “Liberty  8”  aeronautic  engine,  before  the 
“Liberty  12”  was  decided  upon,  the  300-horsepower  dynamometer  selected  for  the  purpose  is 
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FIG.  10.— SPRAGUE  300- H O RS EPO W E R  ELECTRIC  DYNAMOMETER 


FIG.  13.— GAUGE  BOARDS,  SHOWING  MANOMETERS,  ENGINE  CONTROLS,  TACHOME¬ 
TERS.  AND  OTHER  MISCELLANEOUS  INSTRUMENTS. 
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RECEIVING  CHAMBERS  AND  NASH  EXHAUSTER  WHICH  MAINTAINS  THE  REDUCED 
PRESSURE  IN  THE  ALTITUDE  CHAMBER. 


FIG  12 —ELECTRICAL  INSTRUMENT  TABLE,  SHOWING  APPARATUS 

MEASUREMENTS. 
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Fig.  6. 

Flexible  coupling  connecting  engine  and  dynamometer,  showing  arrangement  of  packing  in  altitude  chamber  wall. 


Fig.  7. 

Auxiliary  water  brake  as  mounted  on  dynamometer  shaft, 
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not  capable  of  carrying  continuously  the  full  power  of  the  latter  engine.  Hence,  it  was  neces¬ 
sary  to  increase  the  capacity,  which  was  done  by  the  addition  of  a  specially  designed  water 
brake.  This  brake  consists  of  alternate  fixed  and  rotating  perforated  steel  plates.  It  is  illus¬ 
trated  in  figure  7. 

The  rotor  is  mounted  on  the  shaft  of  the  electric  dynamometer  and  the  stator  is  mounted 
on  the  dynamometer  field,  so  that  the  two  always  operate  together;  yet  the  water  brake,  when 
empty,  does  not  interfere  with  the  operation  of  the  electric  dynamometer.  The  water  brake 
alone  can  absorb  about  400  horsepower  at  1,800  r.  p.  m. 

An  unique  feature  of  this  brake,  made  possible  by  the  fact  that  it  is  integral  with  the 
electric  dynamometer,  which  cares  for  the  adjustments  of  load,  is  that  it  can  be  operated  at 
any  one  of  four  fixed  water  levels  corresponding  to  four  oblong  outlets  in  the  casing.  When 
any  one  of  these  outlets  is  opened  and  the  rate  of  water  flow  is  approximately  adjusted,  a 
constant  water  level  is  maintained,  which  is  reasonably  independent  of  small  variations  in 
supply  pressure.  Operated  in  this  way,  the  water  brake  is  quite  satisfactory,  being  free  from 
the  tendency  to  “drift”  toward  higher  or  lower  loads  with  small  changes  in  water  pressure. 

THE  GAUGE  BOARDS  AND  ENGINE  CONTROLS. 

The  copper  tubes  for  the  manometers  and  the  engine  control  cables  are  all  carried  to  two 
boards,  mounted  at  the  front  right-hand  corner  of  the  altitude  chamber  as  shown  in  figure  13, 
and  so  arranged  that  one  man  can  control  the  entire  plant  and  at  the  same  time  conveniently 
see  all  the  measuring  instruments.  In  this  way  the  whole  plant  is  under  the  observation  and 
direction  of  the  chief  operator  at  all  times. 

The  spark  and  throttle  levers  work  in  graduated  quadrants,  which  indicate  the  exact 
positions  of  the  levers  on  the  engine.  The  number  of  these  control  levers  may  be  varied  to 
suit  the  number  of  attachments  provided  with  any  particular  engine. 

The  instruments  mounted  on  the  gauge  board  are  as  follows: 

(1)  Venturi  gauge  for  carburetor  inlet  air. 

(2)  Barometer  and  thermometer. 

(3)  Manometer  for  carburetor  float  chamber  pressure. 

(4)  Manometer  for  exhaust  back  pressure. 

(5)  Auxiliary  barometer. 

(6)  Manometer  showing  average  pressure  in  exhaust  manifold. 

(7)  Manometer  showing  the  pressure  difference  between  the  entrance  to  the  car¬ 

buretor  air  Venturi  and  chamber. 

(8)  Venturi  gauge  for  jacket  water. 

(9)  Venturi  gauge  for  exhaust  cooling  water. 

(10)  Venturi  gauge  for  oil  cooling  water. 

(11)  Indicator  showing  fluctuations  of  chamber  pressure  from  that  desired. 

(12)  Manometer  showing  average  pressure  in  inlet  manifold  above  carburetor  choke. 

(13)  Manometer  showing  difference  in  pressure  between  entrance  to[carburetor  and 

chamber. 

(14)  Manometer  showing  carburetor  choke  pressure. 

(15)  Manometer  indicating  the  pressure  difference  between  the  exhaust  port  and 

the  chamber. 

(16)  Venturi  gauge  on  gasoline  supply  line. 

Besides  the  above,  there  are  the  regular  gauges  and  indicators  supplied  with  the  particular 
type  of  engine  under  test,  which  in  the  case  of  the  “Liberty  12”  include: 

L  Vapou thermometer  giving  jacket  inlet  water  temperature. 

2.  Vapor  thermometer  giving  jacket  outlet  water  temperature. 

3.  Vapor  thermometer  giving  oil  inlet  temperature. 

4.  Vapor  thermometer  giving  oil  outlet  temperature. 

5.  Oil  pressure  gauge. 

6.  Combined  starting  switch  and  ammeter  for  Delco  ignition  system. 

A  revolution  counter,  provided  with  a  magnetic,  as  well  as  a  hand  clutch,  is  attached|to 
the  dynamometer  shaft. 
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MEASUREMENT  OF  AIR  FLOW  TO  CARBURETOR. 

Two  means  have  been  used  to  measure  tlie  amount  of  air  flowing  to  the  carburetor;  a  Thomas 
meter  and  a  Venturi  tube. 

The  Thomas  meter  used  was  specially  built  for  the  altitude  laboratory  and  consisted  of  a 
wooden  box  6  inches  square  on  the  inside  and  16  inches  long  which  contained  a  heating  grid 
between  two  sets  of  thermocouples.  The  principle  of  operation  was  simply  that  a  given  energy 
put  into  the  heating  grid  would  cause  a  rise  in  temperature  (measured  by  the  thermocouples) 
inversely  proportional  to  the  mass  flow  of  air. 

The  heating  unit  was  merely  a  length  of  resistance  wire  strung  back  and  forth  across  the 
middle  of  the  box.  In  practice  an  E.  M.  F.  of  60  volts  was  impressed  on  it,  giving  current  of 
2.9  amperes.  The  thermal  element  consisted  of  20  copper-constant  an  couples  in  series,  four 
junctions  being  incased  in  each  of  five  stream-lined  struts  placed  in  each  end  of  the  box.  The 
four  couples  were  equally  spaced  down  the  length  of  the  strut  so  that  the  result  of  all  the  couples 
gave  an  average  for  the  temperature  rise  over  the  whole  cross  section. 

This  meter  was  eventually  destroyed  in  a  small  fire  in  the  altitude  chamber  and  was  then 
replaced  by  a  large  6-inch  Venturi  with  a  3-inch  throat.  The  Venturi,  however,  was  calibrated 
against  a  second  Thomas  meter  specially  supplied  by  the  Cutler-Hammer  Co.  This  meter 
used  resistance  thermometers  in  place  of  the  thermocouples  and  measured  the  watts  input  for  a 
constant  temperature  rise.  The  connections  from  the  Venturi  meter  are  carried  to  the  man¬ 
ometer  board. 

TEMPERATURE  MEASUREMENTS. 

The  following  temperature  measurements  are  made  by  means  of  thermocouples: 

(1)  Temperature  rise  of  oil  cooling  water. 

(2)  Carburetor  air  at  entrance  to  Venturi  meter. 

(3)  Rise  in  jacket  water  temperature. 

(4)  Jacket  water  outlet. 

(5)  Exhaust  cooling  water  inlet. 

(6)  Rise  in  exhaust  water  temperature. 

(7)  Chamber  temperature. 

(8)  Oil  temperature  at  engine  inlet. 

(9)  Oil  temperature  at  engine  outlet. 

(10)  Carburetor  air,  taken  at  the  air  horn. 

(11)  Inlet  manifold  temperature. 

(12)  Gasoline  temperature. 

The  leads  from  the  thermocouples  pass  through  opening  5  (see  fig.  2)  in  the  side  wall  of 
the  altitude  chamber  to  a  table  on  which  are  mounted  the  necessary  switches  and  potentiometer 
as  shown  in  figure  12.  The  galvanometer  is  swung  in  a  special  cradle  mounted  on  a  solid  concrete 
pier  to  eliminate  so  far  as  possible  the  effects  of  vibration.  Considerable  difficulty  was  experi¬ 
enced  in  the  early  operation  of  the  plant  owing  to  the  lack  of  a  proper  support  for  the  galva¬ 
nometer.  The  vibrations  from  the  engine  are  transmitted  through  the  ground,  so  that  even  the 
concrete  pier  was  not  sufficiently  steady,  but  the  present  arrangement  has  done  away  with  this 
trouble  to  a  large  extent. 

The  thermocouples  are  all  copper-constantan  couples,  the  junctions  being  made  by  twisting 
the  ends  of  the  wires  together  and  soldering  with  silver  solder.  The  set  of  couples  at  present  is 
made  up  as  follows:  an  ice  junction  common  to  three  junctions  placed  in  the  oil  pipes,  an  ice  junc¬ 
tion  common  to  seven  junctions  used  about  the  carburetor  and  as  spares,  an  ice  junction  and  a 
junction  suspended  in  the  chamber  to  measure  the  room  temperature,  an  ice  junction  and  one 
junction  inserted  in  the  carburetor  air  line  above  the  Venturi,  an  ice  junction  and  two  junctions 
placed  in  the  outlet  and  inlet  jacket  water  pipes,  and  outside  the  chamber  a  circuit  of  three 
junctions,  one  in  the  water  main  and  two  in  the  exhaust  tanks. 

All  couple  wires  are  wrapped  with  tape  for  insulation  and  to  prevent  rubbing  and  to  give 
them  body.  They  are  connected  with  rosin-soldered  joints  to  copper  leads  passing  through  the 
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wall  of  the  chamber  and  brought  out  to  a  dial  switch  with  all  copper  contacts.  Before  being 
fastened  to  the  switch,  each  couple  has  a  small  coil  of  manganin  wire  connected  in  series  and 
adjusted  to  give  it  an  equal  resistance  to  all  other  couples.  The  switch  has  a  rotating  arm  which 
carries  two  copper  spring  contacts  which  bear  in  turn  upon  the  copper  contacts  to  which  the 
couples  are  attached. 

From  the  arm  the  circuit  is  completed  through  a  carefully  made  manganin  resistance  of 
0.029  ohms,  a  manganin  dial  resistance  box  adjustable  in  steps  of  0.1  ohm  to  1,000  ohms,  a  gal¬ 
vanometer  and  a  key.  The  0.029  ohm  resistance  forms  part  of  a  potentiometer  circuit  consisting 
of  a  dry  cell,  a  milliammeter,  a  double  throw  switch  and  a  slide  wire  rheostat.  Another  branch 
circuit  is  controlled  by  the  closing  of  a  double-pole  switch,  which  serves  to  connect  a  carefully 
balanced  pair  of  resistance  coils  of  approximately  85  ohms  each,  and  these  together  with  the 
dry  cell,  galvanometer,  resistance  box,  and  thermal  element,  form  a  Wheatstone  bridge. 

The  potentiometer  affords  a  means  of  measuring  the  sensitivity  of  the  galvanometer  as 
follows:  Across  two  terminals  of  the  dial  switch  a  coil  is  connected  having  the  same  resistance 
as  the  thermal  elements  but  without  their  thermoelectric  property.  The  arm  is  placed  on 
these  terminals,  and  the  sensitivity  is  then  found  by  establishing  a  definite  current  through  the 
potentiometer  (50  milamps)  and  observing  the  galvanometer  deflection.  This  has  been  found 
subject  to  variation  on  account  of  the  heavy  machinery  in  its  neighborhood,  but  can  always  be 
brought  back  to  its  original  value  by  an  adjustment  of  the  resistance  box. 

The  Wheatstone  bridge  serves  to  compare  the  resistance  of  the  different  couples  up  to  the 
point  of  attachment  to  the  dial  switch  and  is  sensitive  to  0.1  ohm,  this  being  amply  sensitive 
for  the  purpose. 

Thus,  from  this  set  up,  the  E.  M.  F.  of  any  thermocouple  may  be  measured  by  the  current 
it  establishes  through  the  galvanometer;  and  with  the  bridge  and  potentiometer  the  conditions 
of  measurement  can  be  made  equal  for  all  couples  and  held  constant  at  all  times. 

FUEL  WEIGHING  DEVICE. 

The  fuel  used  by  the  engine  may  be  measured  in  either  of  two  ways;  by  means  of  an  accu¬ 
rately  calibrated  tank,  or  by  two  tanks  mounted  on  platform  scales.  The  first  method  gives 
the  volume  and  the  second  the  weight  of  fuel  used.  When  using  the  weighing  tanks  a  test  may 
be  run  continuously,  one  tank  being  filled  while  the  other  is  emptying,  or  two  fuels  may  be  com¬ 
pared,  as  follows:  One  tank  if  filled  with  the  fuel  to  be  tested  and  the  second  with  a  standard 
comparison  fuel.  The  engine  is  run  first  on  the  standard  fuel  and  is  then  changed  over  the 
test  fuel,  after  which  a  third  run  is  made  on  the  standard  fuel.  In  this  way  the  least  possible 
variation  in  engine  condition  is  involved. 

Storage  of  fuel  is  provided  in  underground  tanks,  while  the  measuring  tanks  are  mounted 
on  a  platform  placed  above  and  in  front  of  the  altitude  chamber.  The  fuel  is  pumped  to  these 
and  then  flows  by  gravity  to  the  carburetor.  Fuel  in  the  engines  tested  is  kept  at  the  pressure 
of  the  chamber  by  connection  through  flexible  copper  tubes. 

MISCELLANEOUS  EQUIPMENT. 

Suitable  pipe  connections  are  provided  for  obtaining  samples  of  the  exhaust  gases  from  the 
engine,  these  samples  then  being  analyzed  in  an  Orsat  apparatus. 

A  compressed  air  system  for  feeding  oil  to  the  engine  sump  and  a  means  for  cooling  the  oil 
during  a  test  have  been  installed. 

The  laboratory  is  well  supplied  with  tools  and  the  necessary  work  benches,  so  that  all  ordi¬ 
nary  small  repairs  to  both  the  engines  and  plant  may  be  made  without  outside  assistance. 

A  device  for  damping  out  fluctuation  in  the  city  water  pressure  supplied  to  the  plant  forms 
part  of  the  auxiliary  equipment. 

GENERAL  LOG  OF  OPERATION 

Work  on  the  altitude  laboratory,  as  previously  stated,  was  begun  in  August,  1917,  and 
the  plant  was  ready  for  the  preliminary  installation  of  an  engine  for  test  purposes  in  November 
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of  that  year.  The  first  engine  to  he  mounted  in  the  chamber  was  a  “Liberty  8,”  one  of  the 
first  series  of  five  engines  built  for  experimental  purposes.  Although  this  engine  was  set  up 
in  the  test  chamber  in  November,  there  remained  many  minor  items  of  experimental  equip¬ 
ment  to  be  completed  and  “tuned  up”  before  tests  could  be  begun. 

Among  these  were  the  development  of  flexible  water-cooled  exhaust  connections,  the 
completion  of  air  and  water  piping,  the  adjustment  of  the  jacket  water  thermostat  and  Venturi 
meter,  the  installation  of  pressure  manometers,  gasoline  weighing  attachments,  and  temper¬ 
ature  measuring  devices.  The  securing  of  air-tightness  of  the  doors  and  other  connections  to 
the  chamber,  and  a  multitude  of  other  minor  matters,  too  numerous  to  mention,  all  took  con¬ 
siderable  time. 

On  December  26,  1917,  the  first  test  run  was  made  with  the  “Liberty  8”  engine  for  the 
comparison  of  two  grades  of  fuel,  and  for  data  on  the  contamination  and  deterioration  of 
lubricating  oil. 

On  January  4,  1918,  the  first  test  at  reduced  pressure  was  made,  the  lowest  pressure 
obtained  being  44  cm.  below  atmosphere,  corresponding  to  an  altitude  of  about  25,000  feet. 

In  all,  seven  tests  were  run  with  this  first  experimental  engine,  representing  about  15  hours 
actual  running  time.  The  records  of  these  first  tests  show  many  stops  for  various  causes, 
most  of  which  were  chargeable  to  difficulties  with  the  engine.  This  was  to  be  expected,  since 
the  8-cylinder  model  had  not  at  that  time  reached  a  stage  of  perfection  to  warrant  its  use  for 
research  purposes.  In  fact  at  that  time  this  model  had  been  temporarily  abandoned  in  favor 
of  the  12-cylinder  engine,  which  was  then  being  perfected. 

On  January  19,  a  connecting  rod  gave  way  during  test  No.  8,  and  it  was  decided  to  abandon 
the  “Liberty  8,”  then  obsolete,  and  continue  work  with  an  Hispano-Suiza  engine  until  the 
“Liberty  12”  was  in  shape  for  research  on  altitude  effects. 

On  January  25,  the  first  experimental  run  was  made  with  the  Hispano-Suiza  engine. 
This  test  included  the  first  complete  set  of  observations  under  conditions  corresponding  to  a 
series  of  altitudes  up  to  30,000  feet. 

In  the  interval  between  January  25,  1918,  and  January  31,  1919,  about  150  complete 
altitude  “flights”  were  made,  comprising  only  a  little  less  than  1,000  hours  of  actual  engine 


operation. 

Observations  have  been  made  with  the  following  models  of  aircraft  engines: 

“Liberty  8.” 

Hispano-Suiza,  150-horsepower. 

Hispano-Suiza,  180-horsepower. 

Hispano-Suiza,  300-horsepower. 

“Liberty  12,”  400-horsepower. 

Of  these  models  several  different  engines  of  the  150-horsepower  Hispano-Suiza,  180- 
horsepower  Hispano-Suiza,  and  “Liberty  12”  types  have  been  included. 

As  mentioned  previously,  the  operation  of  the  “Liberty  12”  required  the  addition  of  a 
water  brake  to  the  dynamometer,  and  a  number  of  other  modifications  in  the  equipment. 
These  changes  were  made,  and  the  first  series  of  runs  with  the  “Liberty  12”  was  begun  on 


October  10,  1918. 


GENERAL  NATURE  OF  RESEARCH  UNDERTAKEN. 


The  problem  first  presented  by  the  National  Advisory  Committee  for  solution  by  the  use 
of  the  altitude  laboratory,  was  that  of  the  performance  of  different  grades  of  gasoline  at  high 
altitudes  in  typical  aircraft  engines.  The  lubrication  division  of  the  Signal  Corps  requested 
also  the  preservation  of  samples  of  the  lubricating  oil  to  detetrine  the  effect  of  fuel  composi¬ 
tion  and  of  altitude,  on  the  deterioration  of  such  oils.  A  staff  of  two  or  three  men  was  detailed 
by  the  lubrication  division  to  assist  in  seeming  the  desired  data. 

As  different  grades  of  fuel  affect  engine  power  and  performance  only  to  a  very  slight 
extent,  the  satisfactory  solution  of  this  problem  required  the  highest  possible  accuracy  in 
obtaining  complete  data  on  engine  performance,  as  previously  outlined.  Thus,  a  practice  was 
established  by  which  all  the  measurements  of  power,  speed,  fuel  consumption,  barometric 
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pressure,  air  and  water  flow,  temperature,  and  pressure,  provided  for  by  the  apparatus,  are 
customarily  made,  no  matter  what  is  the  immediate  purpose  of  the  test  in  hand.  The  result 
is,  in  addition  to  the  data  directly  desired,  an  accumulation  of  valuable  supplementary  data 
op  engine  performance,  much  of  which  has  not  yet  been  analyzed. 

Observations  have  been  made  to  determine  specifically  the  following  relations: 

(1)  Horsepower-altitude  relation  for  engines  at  normal  speed. 

Horsepower-speed  relation  at  a  range  of  altitudes  up  to  30,000  feet. 
Horsepower-compression  ratio  for  normal  speed,  using  compression  ratios  of 
4.7,  5.3,  and  6.2  to  1  at  a  range  of  altitudes  up  to  30,000  feet. 
Horsepower-inlet  air  temperature  at  a  range  of  speeds  and  altitudes. 

Effect  of  variation  of  intake  pressure  on  horsepower  at  a  range  of  altitudes,  to 
simulate  the  effect  of  supercharging  equipment. 

Effect  of  exhaust  back  pressure  on  horsepower,  over  a  limited  range  of  pressures. 
Mechanical  losses  at  various  speeds,  altitudes,  and  engine  temperatures. 
Metering  characteristics  of  a  number  of  different  types  of  carburetors,  with 
and  without  altitude  compensation  or  control,  for  the  full  range  of  speeds 
and  altitudes. 

Optimum  mixture  ratios  for  maximum  power  over  the  range  of  speeds  and 
altitudes,  with  several  different  carburetors. 

The  performance  of  a  number  of  automatic  and  hand  operated  altitude  com¬ 
pensation  devices  for  different  carburetors. 

The  total  heat  distribution  for  all  speeds  and  air  densities  at  full  throttle. 

The  performance  of  special  fuels:  “Hector,”  a  combination  of  cyclo-hexane 
and  benzol;  “Alco-gas,”  a  combination  of  alcohol,  benzol,  gasoline,  and 
ether,  at  a  compression  ratio  of  7.2  to  1. 

Other  relations  have  been  investigated  from  time  to  time.  Moreover,  the  detailed  records 
taken  for  each  test  include  much  information  bearing  on  other  characteristics  of  engine  per¬ 
formance,  such  as  for  instance,  the  behavior  of  spark  plugs  and  ignition  systems  under  condi¬ 
tions  of  low  air  pressure  and  temperature. 


(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 


(9) 

(10) 

(ID 

(12) 


APPENDIX 

THE  NEW  DYNAMOMETER  AND  ALTITUDE  LABORATORY 

As  previously  stated,  the  altitude  laboratory  will  soon  be  housed  in  a  permanent  building, 
which  is  being  erected  near  the  present  temporary  structure.  A  floor  plan  and  side  elevation 
of  this  building  are  given  in  figure  8.  As  will  be  seen  from  these  drawings  the  building  has  a 
rectangular  floor  plan  measuring  50  by  150  feet,  and  is  constructed  of  brick  and  concrete  in  a 
thoroughly  substantial  manner. 

The  altitude  chambers,  of  which  there  are  two,  are  built  at  the  west  end  of  the  building. 
A  central  passageway  connects  the  two  chambers,  with  separate  doors  into  the  chambers  and 
into  the  main  laboratory.  The  chambers  are  identical  as  to  their  interior  arrangements.  The 
cooling  coils  are  mounted  in  the  upper  portion  of  the  chambers,  and  the  exhaust  is  carried  to 
settling  tanks  in  a  pit  alongside  the  west  wall  of  the  building.  The  vacuum  pumps  with  their 
electric  motors  are  placed  near  these  tanks,  as  shown.  In  testing  a  single  large  engine  at  high 
alttiudes  the  doors  between  the  two  chambers  may  be  left  open,  which  permits  the  use  of  the 
two  vacuum  pumps  and  banks  of  cooling  coils,  thus  greatly  increasing  the  capacity  of  the  plant. 

In  connection  with  one  of  the  chambers,  two  300-horsepower  electric  dynamometers  and 
with  the  other  one  400-horsepower  dynamometer  will  be  used.  The  necessary  switchboards 
and  the  grids  for  dissipating  the  electrical  energy  are  clearly  shown  in  the  elevation.  The 
foundations  of  the  dynamometers  are  provided  with  extension  bedplates  at  the  ends  opposite 
the  chambers,  on  which  to  mount  engines  for  test  purposes  when  it  is  not  necessary  to  conduct 
the  tests  at  other  than  ground  conditions.  When  running  in  this  way  the  coupling  between 
the  altitude  chambers  and  the  dynamometers  can  be  easily  disconnected. 


167080 — S.  Doc.  307, 65-3 
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General  arrangement  of  new  Laboratory,  showing  the  two  interconnected  altitude  chambers  with  their  auxiliary  apparatus  together  with  specially  arranged  dynamometer  apparatus  for  the  investigation  of  automotive 

vehicles. 
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A  space  is  provided  in  the  center  of  the  floor  plan  for  the  installation  of  either  a  drum  or 
tractor  type  dynamometer,  on  which  to  test  motor  vehicles  and  transmission  assemblies.  The 
power  delivered  to  the  drums  or  caterpillars  may  be  transmitted  by  chains  to  the  two  electric 
dynamometers  shown  in  the  drawings.  Like  the  ones  for  the  altitude  laboratory,  they  are 
arranged  with  extension  bedplates  so  that  they  may  be  used  to  test  separate  engines  when 
required. 

A  third  dynamometer  with  a  capacity  of  50  horsepower  is  arranged  for  coupling  to  any 
type  of  small  engine  or  to  the  drive  shaft  of  a  rear  axle  assembly  for  test  purposes. 

The  exhaust  gases  from  the  different  engines,  except  those  in  the  altitude  chambers,  will 
pass  to  an  underground  duct,  from  which  they  will  be  withdrawn  by  an  exhaust  fan  discharging 
through  a  pipe  to  the  roof. 

For  about  one-third  of  its  length  at  the  east  end  the  building  is  divided  into  a  basement, 
main,  and  mezzanine  floors.  In  the  basement  is  placed  the  refrigerating  plant  for  the  altitude 
laboratory,  with  space  left  for  other  machinery.  The  north  side  of  this  portion  of  the  main 
floor  is  occupied  by  the  machine  shop,  designed  to  care  for  all  the  ordinary  repairs  to  the  plant 
and  engines.  On  the  south  side  are  located  the  office,  toilet  and  wash  room,  and  the  tool  and 
storeroom.  The  mezzanine  floor  is  divided  into  two  laboratory  rooms,  which  may  be  used 
for  any  of  the  lighter  testing  apparatus. 

The  plant  will  be  equipped  with  traveling  chain  hoists  for  the  convenient  handling  of 
engines  and  other  apparatus,  and  with  the  necessary  work  benches,  etc. 
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PART  I. 

VARIATION  OF  HORSEPOWER  WITH  ALTITUDE  AND  COMPRESSION  RATIO.1 

By  H.  C.  Dickinson,  W.  S.  James  and  G.  V.  Anderson. 


RESUME. 

Among  many  other  factors  which  affect  the  horsepower  of  an  airplane  engine  are  the 
atmospheric  pressure,  and  consequently  the  altitude  at  which  the  engine  is  working,  and 
the  compression  ratio,  or  cylinder  volume  divided  by  clearance  volume. 

The  tests  upon  which  this  report  is  based  were  selected  from  a  large  number  of  runs 
made  during  the  intercomparison  of  various  gasolines  to  determine  the  variation  of  horsepower 
with  altitude  at  three  different  compression  ratios  and  the  following  conclusions  have  been 
reached : 

(1)  The  total  power  of  the  engine  decreases  rapidly  with  increase  in  altitude,  being  only  71 
per  cent  of  the  power  on  the  ground  at  10,000  feet,  49  per  cent  at  20,000  feet,  and  32.5  per 
cent  at  30,000  feet. 

(2)  The  gain  in  power  due  to  increase  in  compression  does  not  bear  a  constant  relation  to 
the  total  power  of  the  engine  at  different  altitudes,  being  greater  at  high  than  at  low  altitudes. 
The  curves  on  plot  8  illustrate  this  variation  in  horsepower  for  the  three  compressions  con¬ 
sidered  at  different  altitudes. 


VARIATION  OF  HORSEPOWER  WITH  ALTITUDE  AND  COMPRESSION  RATIO. 

The  following  report  is  based  upon  the  results  of  a  series  of  tests  conducted  at  the  altitude 
laboratory  at  the  Bureau  of  Standards  for  the  National  Advisory  Committee  for  Aeronautics. 
In  this  laboratory  the  engine  under  test  is  installed  in  a  concrete  chamber  from  which  the  air 
may  be  partially  exhausted  by  means  of  a  blower,  thus  reducing  the  barometric  pressure  within 
the  chamber  to  a  point  corresponding  to  the  pressure  at  any  desired  altitude.  At  the  same 
time,  by  passing  the  air,  as  it  enters  the  chamber,  over  a  series  of  refrigerating  coils  and  heating 
grids,  the  temperature  may  be  regulated  during  the  tests.  The  power  of  the  engine  is  absorbed 
by  an  electric  dynamometer  placed  outside  the  chamber  and  connected  to  the  engine  through  a 
flexible  coupling.  Measurements  of  power  are  made  by  weighing  the  torque  on  the  dynamome¬ 
ter  field  at  measured  engine  speeds.  A  complete  description  of  this  apparatus  and  methods  of 
observation  is  contained  in  Report  No.  44. 

A  stock  Hispano-Suiza,  8-cylinder  engine,  rated  at  150  horsepower,  and  built  by  the  Wright- 
Martin  Aircraft  Corporation,  New  Brunswick,  N.  J.,  was  used  in  making  these  experiments. 
This  engine  is  furnished  with  three  sets  of  pistons,  designated  as  “low, ”  “high/’  and  “extra 

high”  compression,  the  ratios  of  compression,  that  is  being  approximately 

$ 

4.7,  5.3,  and  6.2,  respectively.  All  of  the  tests  were  run  on  a  single  grade  of  gasoline  desig¬ 
nated  as  “X,”  with  a  Claudel  carburetor  which  was  adjusted  by  hand  in  each  case  to  give 
the  least  fuel  consumption  consistent  with  maximum  powei*.  All  the  results  are  based  upon 
an  engine  speed  of  1,500  revolutions  per  minute.  In  the  earlier  tests  the  horsepowers  were 

1  This  Report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  7. 
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corrected  to  0°  C.,  while  in  the  later  ones  they  were  corrected  to  standard  temperatures  for 
given  barometric  pressures,  as  will  be  described  in  a  subsequent  paragraph. 

Tables  I,  II,  and  III  give  the  results  of  a  number  of  tests,  using  the  three  different  sets  of 
pistons,  the  horsepowers  deduced  from  these  tests  having  been  corrected  to  0°  C.  The  data 
contained  in  these  tables  are  plotted  on  curve  sheet  1. 

As  it  is  desirable  to  obtain  th6  relations  existing  between  barometric  pressure  and  horse¬ 
power  developed  under  the  actual  conditions  of  flight,  the  observed  horsepower  must  be  cor¬ 
rected  from  the  temperature  during  the  test  to  the  mean  temperature  encountered  in  actual 
flight  at  the  given  barometric  pressure.  To  obtain  this  relation  between  temperature  and 
barometric  pressure,  use  was  made  of  the  information  contained  in  Aeronautic  Instruments 
Circular  No.  3,  issued  by  the  Bureau  of  Standards,  resulting  in  the  temperature-altitude 
curves  marked  “B”  on  plots  2  and  3.  The  curve  on  plot  2  is  in  metric  and  that  on  plot  3  in 
English  units. 

To  correct  a  given  horsepower,  HP0,  at  a  given  barometric  pressure  from  0°  to  some  tem¬ 
perature  t  at  the  same  barometric  pressure  we  may  make  use  of  the  following  relation: 

HP0  =  HPtxF0  (1) 

In  which  HP 0  —  Horsepower  at  0°  C.,  at  the  given  barometic  pressure. 

In  which  HPt  =  Horsepower  at  temperature  t  degrees  centigrade  at  the  given  barometric 

pressure. 

In  which  F0  =  Correction  factor  to  reduce  horsepower  from  t  degrees  to  0°  C. 

Values  of  F0  for  any  given  temperature  t  may  be  obtained  from  curve  B,  or  its  equation,  both 
of  which  are  given  on  plot  4,  which  is  a  mean  curve  of  correction  factors  obtained  from  the 
results  of  a  number  of  tests  performed  at  the  altitude  laboratory  with  two  different  carburetors 
and  at  various  altitudes. 

We  may  obtain  an  expression  for  HPt  in  terms  of  IIP0  by  transposing  equation  (1),  as 
follows : 

EP,-*r*BPt-BP.xjr  (2) 

in  which  yr  is  a  factor  to  correct  from  0°’C.,  to  the  given  temperature  t. 

In  the  tests  performed  in  the  altitude  laboratory  the  runs  were  conducted  at  four  barometric 
pressures,  which  were  adopted  as  standards  for  comparing  the  results  of  different  tests  and  also 
to  facilitate  computations.  In  the  later  tests,  series  99  to  111,  carried  out  with  the  high  com¬ 
pression  pistons,  the  horsepowers  were  corrected  to  the  mean  temperatures  corresponding  to 
the  observed  barometric  pressures,  consequently  it  w^as  necessary  to  establish  a  set  of  standard 
temperatures  corresponding  to  the  different  standard  barometric  pressures.  The  mean  values 
of  these  four  “ standard'’  temperatures  obtained  from  curve  on  plot  2,  together  with  the 
corresponding  approximate  altitudes,  are  as  follows: 


Barometric 
pressure  in 
centimeters  of 
mercury. 

Temperatures 
in  degrees 
centigrade. 

Approximate 
altitude  in 
feet. 

62.1 

10.1 

5,500 

49.8 

-  0.1 

11,500 

37.6 

-13.1 

19,200 

25.6 

-36.6 

29,600 

Values  of  horsepower  for  the  three  compression  ratios  were  obtained  from  curve  on  plot  1 
at  the  standard  barometric  pressures  and  tabulated  in  Table  IV.  These  were  corrected  from 
0°  C.  to  the  standard  temperatures  by  use  of  equation  (2),  giving  the  values  of  horsepower 
corrected  to  standard  temperatures  for  the  three  earlier  series,  as  tabulated  in  the  last  column 
of  Table  IV. 

The  runs  in  series  99  to  111  were  made  at  various  speeds.  Table  V  gives  the  observed 
values  of  speed  and  horsepower  at  the  different  altitudes  for  this  series.  These  data  are 
averaged  and  plotted  on  sheet  5  and  the  values  of  horsepower  at  1,500  revolutions  per  minute 
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taken  from  the  resulting  curves  are  tabulated  and  averaged  in  Table  VI  with  series  67  to 
79,  both  series  being  on  the  high  compression  ratio  5.3.  The  averaged  data  are  plotted  on 
plot  6,  together  with  the  corresponding  data  for  the  other  two  compressions  (4.7  and  6.2) 
obtained  from  the  last  column  of  Table  IV,  giving  curves  of  horsepower  at  1,500  revolutions 
per  minute,  corrected  to  standard  temperatures  versus  barometric  pressure  for  the  three 
compressions. 

From  these  curves  the  ratios  of  the  different  horsepowers  for  each  compression  to  the 
horsepower  at  sea  level  for  the  high  (5.3)  compression  were  computed.  These  ratios  were 
plotted  on  plot  7  against  altitudes  in  feet  corresponding  to  the  different  barometric  pressures. 
The  altitudes  were  computed  from  the  formula: 

h  —  62,900  log10  ~p 

obtained  from  the  Smithsonian  Meteorological  Tables  for  1907,  page  100,  in  which  h  is  the 
altitude  in  feet  and  p  is  the  atmospheric  pressure  in  centimeters  of  mercury. 

The  curves  on  plot  8  illustrate  the  variation  in  horsepower  with  compression  ratio  at  dif¬ 
ferent  altitudes.  The  horsepower  developed  with  the  5.3  or  ‘“high’  compression  ratio  at  the 
different  altitudes  was  taken  as  100  per  cent  and  the  other  two  compression  ratios  were  plotted 
as  percentages  of  this  curve.  As  will  be  seen  upon  examination,  the  gain  in  horsepower  due 
to  “extra-high”  over  “high”  compression  amounts  to  but  2.8  per  cent  at  5,000  feet,  while  it 
increases  to  nearly  5.8  per  cent  at  30,000  feet.  Likewise  the  decrease  in  horsepower  due  to 
“low”  compression,  while  only  3.3  per  cent  at  5,000  feet,  amounts  to  about  7.3  per  cent  at  30,000 
feet. 

It  is  evident,  therefore,  that  the  value  of  high  compression  is  more  apparent  at  high  than 
at  low  altitudes. 

It  should  be  pointed  out  that  any  comparison  of  absolute  horsepowers  for  the  different 
compression  ratios  may  be  misleading  as  the  engine  conditions,  such  as  fit  of  piston  and  rings, 
condition  of  valves,  etc.,  were  not  the  same  in  each  case.  However,  the  manner  in  which  the 
horsepower  varies  with  barometric  pressure  in  each  case  may  be  taken  as  characteristic  for 
the  given  combination  of  engine,  carburetor,  and  fuel  with  a  given  compression  ratio. 

In  conclusion,  it  may  be  stated  that  practically  all  the  tests  conducted  in  the  altitude 
laboratory  show  nearly  the  same  relation  between  horsepower  and  altitude.  Any  given  set 
of  conditions  which  affect  the  operation  of  the  engine  may  be  held  approximately  constant 
during  one  test  and  the  variation  of  horsepower  with  altitude  determined  for  these  conditions. 
Only  a  small  amount  of  this  information  has  been  collected  in  this  report,  as  the  tests  upon 
which  it  is  based  were  chosen  particularly  to  show  the  power-altitude  relation  at  different 
compression  ratios. 

Table  I  — Averaae  horsepowers  and  barometric  pressures  for  tests  on  X  fuel. — Low  compression  ratio— 4-7 ;  horsepowers 

corrected  to  0°  C.  and  1,500  R.  P.  M. 


Test  No. 

i 

;  Barometric 
j  pressure. 

Horse¬ 

power. 

Barometric 

pressure. 

Horse¬ 

power. 

Barometric 

pressure. 

Horse¬ 

power. 

Barometric 

pressure. 

Horse¬ 

power. 

51. 

ft  2 

48  0 

10ft  0 

61.5 

134.8 

48.5 

104!  6 

35.4 

71.8 

27.7 

5i.  4 

63 

61.5 

133.1 

48.5 

102.4 

35.7 

70.0 

27.7 

52.7 

64 

60.8 

131.8 

48.0 

102.7 

35.4 

70.9 

27.7 

52.7 

ftft 

4S.3 

103.0 

35.4 

72.1 

27.8 

54. 0 

66. 

...;  60.7 

131.0 

48.0 

101.0 

35.4 

70.1 

27.7 

51. 0 

Average . .  - 

| - - - — - 

61.1 

1 

133.3 

48.2 

103.3 

35.5 

71.0 

27.7 

52.4 

< 
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Table  II. — Average  horsepowers  and  barometric  pressures  for  tests  on  X  fuel. — High  compression  ratio— 5.8;  horsepoivers 

corrected  to  0°  C.  and  1,500  R.  P .  M. 


Test  No. 

Barometric 

pressure. 

Horse¬ 

power. 

Barometric 

pressure. 

Horse¬ 

power. 

Barometric 

pressure. 

Horse¬ 

power. 

Barometric 

pressure. 

Horse¬ 

power. 

67 . 

62.2 

144.0 

49.9 

111.4 

37.7 

80.5 

25.7 

50.3 

68 . 

62.1 

140.4 

49.9 

111.2 

37.7 

79.5 

25.  7 

51.0 

69 . 

61.9 

141.5 

49.6 

112.8 

37.2 

80.5 

24.9 

51.3 

70 . 

62.0 

142.1 

49.8 

112. 1 

37.6 

80.5 

25.7 

51.2 

74 . 

62.2 

141.  1 

50. 1 

110.2 

37.8 

80.  6 

25.7 

48.8 

75 . 

62.3 

138.0 

48.8 

109.  1 

37.6 

80.4 

25.7 

50.6  I 

77 . 

62.0 

135.8 

50. 1 

115.0 

37.7 

80.7 

25.7 

52.2 

78 . 

61.9 

142.0 

49.8 

106.  5 

37.6 

79.8 

25.6 

50.  3 

79 . 

62.0 

138.7 

49.9 

108.5 

37.7 

81.5 

25.8 

49.4 

Average . 

62.1 

140.4 

49.8 

110.8 

37.6 

80.4 

25.6 

50.6 

_ I 

Table  III. — Average  horsepowers  and  barometric  pressures  for  tests  on  X  fuel.— Extra  high  compression  ratio— 6.%; 

horsepowers  corrected  to  0°C.  and  1,500  R.  P.  M. 


Test  No. 

Barometric 

pressure. 

Horse¬ 

power. 

Barometric 

pressure. 

Horse¬ 

power. 

Barometric 

pressure. 

Horse¬ 

power. 

j 

Barometric 

pressure. 

Horse¬ 

power. 

81 . 

60.6 

145.9 

49.7 

117.6 

37.6 

85.7 

25.7 

53.7 

82 . 

60.6 

142.5 

49.7 

114.4 

37.6 

85.4 

25.7  j 

53.7 

83  . 

60.6 

139.4 

49.7 

115.9 

37.6 

85.5 

25.7  ! 

53.0 

84 . 

60.6 

143.1 

50.0 

116.7 

37.6 

85. 4 

25.7 

53.1 

85 . 

49.7 

112.9 

37.6 

82.8 

25.  7 

52.  5 

86 . 

60.5 

138.  9 

49.6 

113.9 

37.5 

84. 1 

25.7 

.53.9 

Average . 

60.6 

142.0 

49.7 

115.2 

37.6 

84.8 

25.7  j 

53.3 

Table  IV. — Table  of  data  for  reducing  horsepowers  from  0°  C.  to  standard  temperatures . 


Barometric 
pressure 
in  Cms.  of 
Hg. 

Average 
tempera¬ 
ture  from 
curve  on 
sheet  2, 
0°C. 

Correction 
factor  from 
curve  B  on 
sheet  3 
-(F.  )*• 

Factor  to 
correct  from 
0°  C.  to 
standard 
tempera¬ 
tures 

1 

Horsepower  from  curves  on  sheet  1 

H  P  o* 

Horse¬ 
powers  | 
corrected  to, 
standard 
tempera-  j 
tures  and  i 
1.500R.P.M. 

Compression. 

Horse¬ 
power  at 
1,500  R.P.M, 

“  (Fo)  t 

(  Ratio — low  >=4.7 

136.0 

133.5 

62.1 

10.1 

1.019 

0.981 

t  Ratio — high  =  5.3 

140.4 

137. 7 

1  Ratio— extra  high=  6.2 

145.3 

142.5 

|  Ratio — low  =4.7 

106.9 

106. 9 

49.8 

-  0.1 

1.000 

1.000 

-!  Ratio— high  =  5.3 

110.8 

110.8  I 

[  Ratio— extra  high=  6.2 

115.2 

115.2 

|  Ratio— low  =4.7 

76.9 

79.1 

37.6 

-15.1 

.972 

1.029 

<;  Ratio — high  =  5.3 

80.3 

82.6 

l  Ratio — extra high=  6.2 

84.4 

86.8 

I  Ratio— low  =4.7 

46.9 

50.4 

25.6 

-36.6 

.931 

1.074 

•i  Ratio— high  =5.3 

50.3 

54.0 

(  Ratio — extra high=  6.2 

53. 5 

57.5 
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Table  V .—Observed  horsepowers,  revolutions  per  minute,  and  barometric  pressures  for  X  fuel. — Series  99  to  111; 

horsepowers  corrected  to  standard  temperatures. 


Approximate  altitude=>  5,500  feet. 


Test  No. 

Baro¬ 

metric 

pressure. 

Speed. 

Horse¬ 

power. 

Speed. 

Horse¬ 

power. 

Speed. 

Horse¬ 

power. 

Speed. 

Horse¬ 

power. 

Speed. 

Horse¬ 

power. 

99 . 

62.0 

1,310 

119.7 

1,504 

141.9 

1,710 

158.3 

1,923 

168.7 

2,110 

174.2 

100 . 

61.9 

1,325 

126.1 

1,515 

147.1 

1,715 

162.7 

1,935 

173.4 

2,140 

181.0 

101 . 

62.1 

1,300 

114.2 

1,518 

135. 0 

1,715 

154. 0 

1,920 

165. 1 

2,155 

177.1 

105 . 

62.3 

1,375 

124.0 

1,525 

141.7 

1,725 

158.0 

1,965 

173.2 

2,140 

179.3 

106 . 

62.1 

1,365 

122. 8 

1,536 

140.4 

1,763 

153.4 

1,925 

165. 8 

2,140 

174.2 

110 . 

61.9 

1,305 

118.9 

1,480 

139.9 

1,695 

159.2 

1,890 

171.4 

2,120 

182.0 

Ill . 

61.9 

1,315 

116.3 

1,485 

137.2 

1,700 

157.0 

1,910 

171.0 

2,156 

181.1 

Average.. 

62.0 

1,328 

120.3 

1,509 

140.5 

_ 

1,718 

157.5 

1,924 

169.8 

2,137 

178.4 

Approximate  altitude=>  11,500  feet. 


99 . 

49.9 

1,310 

96.2 

| 

1,517  , 

114.0 

1,715 

127.0 

1,907 

134.9 

2,105 

139.5 

100 . 

49.8 

1,315 

96.5 

1,500 

113.0 

1,725 

126.7 

1,930 

138.6 

2,115 

143.0 

101 . 

49.9 

1,315  ; 

93.9 

1,505  ; 

109.9 

1,730 

118.7 

1,925 

127.9 

2,107 

133.2 

105 . 

50. 2 

1,340 

95.8 

1,515 

110.8 

1,715 

124.0 

1,910 

134.0 

2, 135 

140.5 

106 . 

49.8 

1,370 

96.8 

1,540 

111.2 

1,750 

120.7 

1,945 

130.5 

2,150 

135.0 

no . 

49.8 

1,327 

101.2 

1,540 

119.8 

1,710 

130.2 

1,915 

138. 7 

2,120 

144.8 

Ill . 

49. 95 

1,305 

92.9 

1,500 

111.0 

1,737 

126.9 

1,927 

137.2 

2,130 

144.5 

Average. . 

49.9 

1,326 

96.2  j 

1'617 

112.8 

1,726 

124. 9 

1,923 

134.5 

2,123 

140.1 

App  oximate  altitude^  19,200  feet. 

99  . 

37.6 

1,300 

71.2 

1,500 

84.6 

1,715 

95.2 

1,920 

100.6 

2,100 

103.3 

100  . 

37.5 

1,310 

71.7 

1,500 

83.3 

1,720 

95.0 

1,920 

99.5 

2, 135 

107.0 

101  . 

37.8 

1,310 

69.4 

1,520 

81.0 

1,725 

88.9 

1,940 

95.6 

2,120 

98. 5 

105 . 

37.7 

1,355 

71.4 

1,528 

82.3 

1,725 

90.6 

1,923 

98.4 

2,140 

105.4 

106  . 

37.5 

1,360 

72.8 

1,515 

82.6 

1,745 

91.7 

1,925 

98.6 

2,140 

102.5 

no . 

37.  55 

1,289 

74.0 

1,513 

88.3 

1,718 

96.7 

1,896 

99.4 

2,100 

105.  7 

Ill . 

37.6 

l’,3l0 

71.1 

1,487 

82.8 

1,717 

94.2 

_ 

1,910 

101.9 

2, 125 

105.2 

Average.. 

37.6 

1,319 

71.7 

1,509 

83.6 

1,724 

93.2 

1,919 

99.1 

2,123 

103.9 

Approximate  altitude^  29,600  feet. 

99  . 

25.7 

1,303 

47.7 

1,535 

56.6 

1,730 

61.4 

1,930 

62.6 

2, 105 

65.1 

100 . 

25.5 

1,330 

48.4 

1,505 

55.8 

1,725 

61.8 

1,930 

64.4 

2,105 

64.1 

101 . 

26.0 

1,314 

45.1 

1,512 

52.9 

1,707 

58.3 

1,924 

62.4 

2,120 

63.1 

105 . 

25.9 

1,310 

47.3 

1,505 

55.8 

1,705 

61.4 

1,914 

65.9 

2,115 

68.8 

106 . 

25.7 

1,370 

47.6 

1,560 

54.4 

1,735 

59.6 

1,885 

60.8 

2,085 

60.8 

no . 

25.7 

1,290 

48.2 

1,510 

57.2 

1,723 

63.6 

1.900 

64.8 

2,120 

63.2 

Ill . 

25.7 

1,310 

51.2 

1,505 

59.1 

1,710 

65.7 

1,937 

69.9 

2,130 

72.0 

Average.. 

i  25.7 

1,318 

47.9 

1 

1,519 

56.0 

1,719 

61.7 

1,917 

64.4 

2,112 

65.3 

i 

Table  VI. — Table  of  data  for  averaging  horsepowers  for  high  compression  from,  series  67  to  79  and  99  to  111;  horse¬ 
powers  corrected  to  standard  temperatures  and  1,500  R.  P.  M. 


A  =•  averages  from  Table  IV. 

B= average  from  Tables  V. 

C=*  averages  from  A  and  B. 

Barometric 

pressure. 

Horse¬ 

power. 

Barometric 

pressure. 

Horse¬ 

power. 

Barometric 

pressure. 

Horse¬ 

power. 

Average  of  9  tests, 
series  from  67  to  79. . 

62.1 

49.8 

37.6 

25.6 

137.7 

110.8 
82.6 
54.0 

Average  of  7  tests, 
series  f  rom  99  to  1 1 1 . 

f  62.0 

49.9 

1  37.6 

l  25. 7 

140.0 

111.0 

82.8 

55.3 

Average  of  16  tests, 
series  from  67  to  79 
and  99  to  111 . 

f  62.05 

49. 85 
)  37.60 

l  25. 65 

138.9 

110.9 
82.7 

54.65 
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part  n. 

VALUE  OF  SUPERCHARGING.1 

By  H.  C.  Dickinson  and  G.  V.  Anderson. 


resume. 

A  test  was  carried  out  at  the  altitude  laboratory  of  the  Bureau  of  Standards  to  investi¬ 
gate  the  results  obtained  by  increasing  the  carburetor  air  inlet  pressure  above  the  exhaust  back 
pressure  of  an  airplane  engine,  and  to  evaluate  the  effect  of  this  upon  the  horsepower  output. 
In  practice,  supercharging  may  be  accomplished  by  means  of  a  blower  driven  from  the  engine 
by  gearing,  or  connected  to  an  exhaust  turbine. 

The  results  of  this  test  show  what  gain  in  horsepower  may  reasonably  be  expected  through 
supercharging,  and  indicate  that  a  net  gain  in  horsepower  will  result  even  if  considerable  power 
is  required  to  drive  the  blower. 

Curves  showing  this  increase  in  power  for  different  carburetor  inlet  pressures  and  exhaust, 
back  pressures  are  given  on  plots  1  and  2. 

VALUE  OF  SUPERCHARGING. 

The  following  report  is  based  upon  a  test  made  in  the  altitude  laboratory  of  the  Bureau  of 
Standards  to  determine  the  effect  produced  upon  the  horsepower  output  of  an  airplane  engine 
by  the  introduction  of  air  to  the  carburetor  at  a  higher  pressure  than  the  exhaust  or  back  pres¬ 
sure.  Such  a  condition  is  easily  produced  in  this  laboratory,  as  the  engine  under  test  is  inclosed 
in  a  chamber  in  which  the  air  pressure  may  be  controlled,  independently  of  that  on  the  carbu¬ 
retor  inlet,  by  means  of  suitable  pipes  and  valves  leading  to  a  suction  blower.  A  more  complete 
description  of  this  method  of  controlling  the  barometric  pressure  is  given  in  Technical  Report 
No.  44. 

A  stock  150-horsepower  Hispano-Suiza  engine,  built  by  the  Wright-Martin  Aircraft  Corpo¬ 
ration,  New  Brunswick,  N.  J.,  having  a  compression  ratio  of  5.3  to  1,  was  used  in  making  the 
test.  The  Claudel  carburetor,  with  which  the  engine  is  equipped,  was  adjusted  in  each  case  to 
give  minimum  fuel  consumption  consistent  with  maximum  power. 

Two  runs  were  made  with  approximately  a  constant  pressure  on  the  carburetor,  and  with 
varying  exhaust  back  pressures  in  each  case.  The  first  run  was  made  with  the  valve  on  the 
intake  wide  open,  so  that  the  highest  pressure  could  be  obtained  at  the  carburetor.  The  pres¬ 
sure  within  the  chamber,  which  is  the  same  as  the  exhaust  back  pressure,  was  adjusted,  and 
readings  taken  at  values  of  approximately  62,  50,  38,  and  34  cm.  Hg.  The  data  obtained  are 
tabulated  in  Table  I,  and  the  results  are  plotted  as  curve  A  on  plot  1. 

In  the  second  run,  the  valve  on  the  intake  was  partially  closed,  so  that  the  pressure  on  the 
carburetor  was  the  equivalent  of  20  cm.  Hg  below  the  prevailing  atnospheric  pressure,  and 
readings  taken  at  approximately  the  same  points  as  before.  The  results  of  this  run  are  given 
in  the  second  half  of  Table  I  and  are  plotted  as  curve  B  on  plot  1. 

In  the  first  run  the  pressure  of  the  intake  air  was  not  constant  throughout,  varying  from 
72.67  to  70.22  cm.  Hg,  so  that  it  was  necessary  to  correct  the  results  to  some  constant  pres¬ 
sure.  The  correction  was  made  to  a  pressure  of  70  cm.  Hg  by  interpolation,  which  is  based  on 

1  This  Report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No,  9. 
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the  assumption  that  the  increment  of  horsepower  developed  at  a  given  back  pressure  is  propor¬ 
tional  to  the  increment  of  pressure  of  the  carburetor  air.  This  correction  gave  curve  C  on  plot 
1.  All  horsepowers  were  corrected  to  1,500  revolutions  per  minute  and  0°  C. 

This  temperature  correction  was  made  in  accordance  with  the  results  of  a  series  of  tests 
performed  at  this  laboratory  to  determine  the  variation  of  horsepower  with  temperature,  and 
more  complete  information  on  this  subject  may  be  obtained  from  Part  III  of  this  report. 

In  order  to  determine  the  engine  performance  under  different  conditions  of  carburetor 
pressure  and  exhaust  back  pressure,  a  family  of  curves  at  carburetor  pressures  of  76,  70,  65,  60, 
and  55  cm.  Hg  were  plotted  against  the  exhaust  back  pressures.  These  were  derived  from 
the  two  experimental  curves  by  interpolation  based  on  the  assumption  as  mentioned  above. 

As  it  is  desirable  for  the  purpose  of  design  to  know  the  engine  output  under  different  con¬ 
ditions  as  a  function  of  the  maximum  output  on  the  ground,  the  ratio  of  horsepower  taken  from 
the  above  mentioned  curves  to  the  horsepower  at  a  carburetor  and  exhaust  pressure  of  76  cm. 
Hg,  taken  from  curve  D,  is  computed  and  plotted  on  plot  2.  These  curves  give  the  engine 
performance  under  the  different  conditions  on  the  basis  of  a  constant  temperature  of  air  at  the 
carburetor. 

To  compute  the  horsepower  that  would  be  developed  by  an  engine  equipped  with  a  super¬ 
charging  device  under  a  given  set  of  conditions  of  altitude,  carburetor  air  pressure,  and  exhaust 
back  pressure,  knowing  the  engine  performance  on  the  ground,  we  may  make  use  of  the  above 
mentioned  curves  in  connection  with  the  following  relations: 

HP  =  HP1xRx  (F2)l  (1) 

in  which  HP  =  horsepower  developed  with  supercharging  apparatus  at  the  given  altitude,  and 
HP,  =  the  observed  horsepower  on  the  ground  at  the  observed  carburetor  air  temperature  of 
tv  and  R  =  horsepower  ratio  at  the  given  conditions  of  exhaust  and  carburetor  pressures  pro¬ 
duced  by  the  supercharging  device  at  the  given  altitude  (obtained  from  curves  on  plot  2)  and 
(P2),==  temperature  correction  factor  to  correct  from  observed  temperature  on  the  ground, 
tv  to  temperature  at  the  carburetor,  t2,  under  the  given  conditions. 

The  use  of  any  form  of  supercharging  device  involves  a  compression  of  the  air  from  the 
prevailing  atmospheric  pressure  at  the  given  altitude  to  some  higher  pressure,  before  entering 
the  carburetor.  This  results  in  a  heating  of  the  air  above  the  prevailing  temperature  of  the 
atmosphere,  and  a  consequent  reduction  of  the  available  output  of  the  engine.  (For  average 
temperatures  of  atmosphere  at  various  altitudes  see  curve  B  on  plot  5).  The  temperature 
resulting  from  such  a  compression  may  be  computed  by  use  of  the  equation: 

/ P  \n-l 

T'-T'i&r  (2) 

in  which  T2  —  temperature  at  carburetor  after  compression  (absolute)  and  T,  =  the  temperature 
of  the  atmosphere  before  compression  (abs.);  P2  =  pressure  at  the  carburetor  after  compression; 
P,  =  atmospheric  pressure  at  the  given  altitude  (pressure  before  compression);  and  n  =  com¬ 
pression  exponent  (1.41  for  an  adiabatic  compression). 

As  the  air  enters  the  carbureter  at  the  temperature  t2,  after  compression  (corresponding 
to  the  absolute  temperature  T2  of  equation  2),  is  in  most  cases  different  from  the  observed  tem¬ 
perature  on  the  ground,  tt,  the  temperature  correction  factor  (P2),  must  be  included  in  equation 
1  to  give  the  correct  output  that  would  be  developed  at  the  existing  air  temperature  at  carburetor 
under  the  given  conditions.  (See  Part  III  of  this  report.) 

To  facilitate  computations,  plots  3  and  4  were  constructed  for  obtaining  the  temperature  ' 
after  compression  t2,  according  to  equation  2,  and  the  temperature  correction  factor  (P2), 
respectively. 

In  using  the  chart  for  compression  temperatures,  it  is  unnecessary  to  determine  the  tempera¬ 
ture  of  the  altitude,  as  this  is  a  function  of  the  altitude  barometric  pressure,  and  is  incorporated 
in  the  chart.  To  use  this  chart,  locate  carburetor  pressure  on  the  horizontal  scale  at  the  bottom, 
trace  vertically  upward  to  the  line  of  barometric  pressure  corresponding  to  the  given  altitude, 
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then  horizontally  to  the  curve  of  the  desired  compression  exponent.  From  there  trace  vertically 
upward  or  downward  to  the  line  corresponding  to  the  barometric  pressure  of  the  altitude, 
and  horizontally  to  the  right  to  the  scale  of  temperatures.  This  gives  the  temperature  after 
compression  in  degrees  centigrade. 

The  temperature  correction  factor  (F2),  may  be  obtained  from  plot  4.  To  use  this  chart, 
locate  the  observed  temperature  on  the  ground,  tlf  on  the  horizontal  scale  on  the  bottom  and 
trace  vertically  upward  to  the  line  corresponding  to  the  compression  temperature  as  obtained 
from  chart  on  plot  3.  From  there  trace  horizontally  to  the  scale  of  correction  factors. 

An  example  may  serve  to  illustrate  the  use  of  the  curves  and  charts.  Assume  that  an  engine 
capable  of  developing  400  horsepower  on  the  ground  at  a  temperature  of  10°  C.  (50°  F.)  is  to 
be  equipped  with  an  exhaust  pressure  turbine  blower,  which  at  a  barometric  pressure  of  35  cm. 
Hg  (corresponding  to  21,100  feet  altitude  and  at  —21°  C.)  (see  curves  A  and  B  on  plot  5) 
exerts  a  back  pressure  on  the  engine  of  35'  cm.  Hg  and  increases  the  carbureter  pressure  by  30 
cm.  Hg.  Then  we  have  for  the  exhaust  pressure  on  the  engine  at  the  given  altitude,  35  +  35  =  70 
cm.  Hg,  and  for  carbureter  pressure,  35  +  30  =  65  cm.  Hg.  From  the  curves  on  plot  2,  we 
obtain  a  horsepower  ratio  of  0.836.  To  obtain  the  temperature  after  compression,  we  may 
assume  an  adiabatic  compression  with  an  exponent  of  1.41,  and  from  the  chart  on  plot  3  obtain 
a  temperature  after  compression  of  30°  C.  From  the  chart  on  plot  4  we  obtain  the  tempera¬ 
ture  correction  factor  to  correct  from  10°  C.  to  30°  C.  =  0.963.  Substituting  these  values  in 
equation  1,  we  obtain  for  the  horsepower  at  21,100  feet  with  exhaust  pressure  turbine  blower 
supercharging  equipment: 

400  X  0.836  X  0.963  =  322  HP. 

If  a  geared  blower  were  used,  then  in  obtaining  the  horsepower  ratio  the  barometric  pressure 
at  the  given  altitude  would  be  used  as  the  back  pressure  on  the  engine;  and  from  the  available 
output  computed  on  this  basis,  the  power  necessary  to  drive  the  blower  would  be  deducted. 

If  it  is  desired  to  include,  as  a  further  refinement  in  the  above  computations,  a  correction 
to  the  observed  horsepower  on  the  ground,  HP ,  for  barometric  pressure,  the  output  as  com¬ 
puted  by  equation  1  may  be  multiplied  by  a  pressure  correction  factor  obtained  from  curve  E 
on  plot  2,  as  follows: 

Locate  the  intersection  of  curve  E  with  the  curve  of  carbureter  pressure  corresponding  to 
the  observed  barometric  pressure  on  the  ground,  trace  horizontally  to  the  left  and  read  horse¬ 
power  ratio.  The  barometric  pressure  correction  factor  is  1  divided  by  this  horsepower  ratio. 

An  illustration  will  serve  to  make  clear  the  use  of  this  correction  factor.  Assume  that  in  the 
above  example,  the  observed  horsepower  (400)  was  obtained  at  an  observed  barometric  pressure 
of  74  cm.  Hg.  From  the  curve  E  we  obtain,  by  the  method  described  above,  a  pressure  correc¬ 
tion  factor  of  (see  plot  2)  =  1.03.  Applying  this  to  the  horsepower  obtained  we  get: 

322X1.03  =  332  HP. 


Table  I. —  Table  of  data  on  test  108  on  the  effect  of  supercharging. 


Pressure  at  exhaust  port  (cms.  of  Hg) . 

81.9 

49.7 

37.5 

33.9 

33.1 

37.7 

50.0 

Pressure  at  carbureter  intake  (cms.  of  Hg) . 

Horsepower  corrected  to  0°  C.,  and  1,500  revolutions  per  minute. 
Pounds  of  gasolene  per  horsepower  per  hour . 

72.67 

170.2 

.584 

71.42 

171.3 

.593 

71.12 

173.4 

.573 

70.22 

171.8 

.580 

55.22 

132:9 

.567 

55.22 

129.6 

.545 

55.22 

125.4 

.554 
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PART  III. 

VARIATION  OF  HORSEPOWER  WITH  TEMPERATURE.1 

By  H.  C.  Dickinson,  W.  S.  James  and  G.  V.  Anderson. 


r£sum£. 

In  connection  with  tests  of  airplane  engines  made  in  the  altitude  laboratory  of  the  Bureau 
of  Standards  it  has  become  necessary  to  reduce  horsepower  at  a  given  temperature  to  arbi¬ 
trary  standard  temperatures  in  order  to  permit  comparison  of  different  tests. 

As  the  result  of  a  number  of  experiments  made  with  two  Hispano-Suiza  engines  and  three 
different  makes  of  carburetors,  a  correction  factor  has  been  determined,  which  may  be  expressed 
by  F  in  the  following  equation : 

HP=  FxHP0 

„  920 +  20  °F.  529  +20  °C. 

'  *  920  +  2  °F.  °r  r  529+2  °C. 

where  HP0  is  the  observed  horsepower  at  the  temperature  t0  °F.  and  HP  is  the  horsepower 
corrected  to  2  °F. 

This  correction  factor  has  been  found  to  be  somewhat  variable  with  engine  and  carburetor 
conditions,  but  the  above  expression  is  believed  to  be  approximately  correct  for  the  type  of 
engine  under  consideration  and  for  temperatures  between  —20°  and  50°  C.  (  —  4°  and  122°  F.). 

Curves  showing  graphically  the  value  of  the  correction  factor  are  shown  on  plots  4  and  5, 
and  charts  for  correcting  for  both  temperature  and  barometric  pressure  are  given  on  plots  10 
and  11,  the  former  being  in  metric  and  the  latter  in  English  units. 

VARIATION  OF  HORSEPOWER  WITH  TEMPERATURE. 

The  horsepower  of  an  internal-combustion  engine  varies  with  the  temperature  of  the  air 
admitted  to  the  carburetor.  In  order  to  reduce  the  horsepower  at  any  observed  temperature 
to  horsepower  at  a  chosen  standard  temperature,  it  has  ordinarily  been  assumed  that  the 
horsepower  varies  inversely  as  the  absolute  temperature  of  the  carburetor  air,  other  conditions 
being  held  constant. 

In  the  testing  of  airplane  engines  at  the  altitude  laboratory  of  the  Bureau  of  Standards 
the  horsepower  at  the  observed  carburetor  air  temperature  has  been  reduced  to  arbitrary 
standard  temperatures  in  order  to  furnish  a  common  basis  for  comparing  the  results  of  different 
tests. 

The  tests  used  to  determine  the  approximate  variation  of  horsepower  with  temperature 
were  all  made  on  two  Hispano-Suiza  engines  built  by  the  Wright-Martin  Aircraft  Corporation, 
New  Brunswick,  N.  J.  The  first  engine,  used  in  the  majority  of  the  runs,  was  of  150  horsepower, 
known  as  type  A,  while  the  remaining  runs  were  made  with  the  180-horsepower,  type  E. 

Three  different  carburetors  were  used,  tests  Nos.  79,  80,  and  104  having  been  made  on 
the  150-horsepower  engine  with  the  Claudel  carburetor,  test  No.  103  on  the  same  engine  with 
the  Tice  carburetor,  and  tests  Nos.  116,  117,  and  119  on  the  180-horsepower  engine  with  the 
Stromberg  carburetor. 

*  This  Report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  8. 
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The  tests  cover  a  wide  range  of  altitudes  from  2,000  to  30,000  feet,  and  for  every  change 
in  barometric  pressure  the  Claudel  and  Stromberg  carburetors  were  adjusted  by  hand  to  give 
maximum  power,  but  the  Tice  carburetor  was  an  experimental  one,  designed  lor  inherent 
altitude  control,  and  was  therefore  not  adjusted  by  hand.  As  the  Tice  carburetor  differs 
radically  from  the  others  used  in  the  tests,  the  agreement  of  the  results  in  all  cases  indicates 
that  the  carburetor  design  may  not  greatly  affect  the  magnitude  of  the  temperature  correction 

factor. 

Tables  I  to  VI  contain  the  observed  and  computed  data  used  in  obtaining  the  correction 


factors. 


To  obtain  an  expression  for  the  correction  factor  to  reduce  horsepower  at  a  given  ^observed 
temperature  and  pressure  to  horsepower  at  the  arbitrarily  chosen  temperature  of  0°  C.,  and 
the  same  pressure,  we  have 

EP0  —  HP  t  X  F0  V1) 


in  which  HP0  =  horsepower  at  arbitrarily  chosen  temperature  of  0°  C. 


HP i  —  horsepower  at  observed  temperature  t  °C. 

F0  =  correction  factor  to  reduce  to  arbitrary  temperature  of  0°  C. 


From  (1) 


HP0 
HP  t 


(2) 


It  is  evident  from  equation  2  that  the  correction  factors  at  the  different  temperatures  for 
any  given  run  depend  upon  an  accurate  determination  of  horsepower  at  the  arbitrarily  chosen 
temperature  of  0°  C.  For  this  reason  the  horsepowers  computed  from  the  observed  data  were 
plotted  against  carburetor  air  temperatures  and  smooth  curves  drawn  through  as  many  of.  the 
points  as"" possible,  as  shown  on  plots  1  and  2.  Tests  at  the  same  altitude  have  been  grouped 
together  and  an  average  curve  drawn  for  each  group.  From  these  curves  the  average  horse¬ 
powers  were  obtained  at  0°  C.  and  the  other  observed  temperatures  of  the  given  run,  and  from 
the  values  of  horsepower  thus  secured  the  correction  factors  F0  were  determined  by  the  use 
of  equation  2.  These  factors,  plotted  against  temperature,  are  given  on  plot  3. 


HORSEPOWER-  TEMPERATURE  relations 

Test  No  79 ;•  X  Gos-C/oudef  Carburetor  ■  Hand 
Adjusted ■  Higt)  Compression  (S3  :/ ) 
7? stNo  00  - X Gos-C/ouae/ Carburetor - bond 
Adjusted-  Extra  N/y.b  Comp. (52  t) 
Test  No.  103'.  - 155  Cos  -  Tic  e  Co  r- Cure  tor  ■  inherent 
Adjustment  -  Utah  Comp.  (52  .  i  ) 
Test  No.  104;  h  Gas  -  Claudel  Carburetor- Hand 
Adjusted -High  Comp.- ess/on (5.3 ■'/) 
JtlSPANQ- SUIZA  CNG/NC  CCCL.  150  H.P 
Snamt  ‘ 


-a  -ii  .join  n 

P/otNa  I  Carburetor  Air  Temperoture  °C 

167080— S.  Doc.  307, 65-3 - 33 


Plot  No  4 


Observed  Temperatures-  °C . 
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Temperature  -  9C  Horsepower  (Corrected  to  (800 r p  m  )  Test  !19 


HO 


A. 


T 

— 

V 

- j - 

i/ 

] 

y 

/ 

...  - - 

J  . 

Pressure  -  Altitude  Cur\ 
■juatton  used 

'e 

H--/9ZOO  Log, 0  -T- 
h  *  Altitude  in  Meters 

\s 

B 

*  Term 
(Av 

oerafure  Alt 
erage  for  Ye 

Curv 

or) 

€. 

/ 

/ 

u _ 

_ 

ix 

a 


so 


»  c 

o 

<0  £ 


1b 

*0 

**» 

<u 

£ 

u 


<15 


50 


5) 


<b 

O 

v. 

0 

<0 


<b 

4 

ib 

| 

£ 


65 


m  tooo  irn  woo  m  toco  w 

Altitude  in  Meters. 


om  scoo  mo 


\ 

- 

— N 

A 

— 

A- 

£4 

Press 

uatio 

urs  -A 

n  use 

Ititud 
d  - 

e  Cur\ 

/ e 

— 

— 

\ 

M  c  62900  tog /0  p 

ft  -  Altitude  rn  Fee(. 

B 

r  Tem) 
(Avt 

oerotc 

*rage 

ire  Ah 
ror  Yea 

Curv 

r) 

"y 

e 

\ 

\ 

Plot  No  9 


0000  10000  15000 

Attitude  in  Tee t 


% 

V. 

o 


I 

v> 

vo 

<b 


<s» 

$ 

I 


jam 


p/ot  No  6 


EFFECT  OF  COMPRESSION  RATIO,  PRESSURE,  TEMPERATURE,  AND  HUMIDITY  ON  POWER.  515 


516 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


Values  of  the  correction  factors  obtained  from  these  average  curves  (at  the  different  alti¬ 
tudes)  were  averaged  and  plotted,  giving  the  mean  correction  curve  on  plot  4.  This  curve 
may  be  represented  by  the  equation: 

K  529  (3) 


in  which  t  is  the  observed  temperature  of  the  carburetor  air  in  degrees  centigrade.  Combining 
equations  2  and  3,  we  obtain, 

HPo=  529 \+t 
IIPt  529  +  0 


(4) 


which  may  then  be  written  in  a  generalized  form  substituting  4  °C  for  0°C  and  4  for  t,  as  follows: 


BP * 
BPt2 


529  +  4  °C. 


529+4  °C. 


or 


BP 


529+4  °C. 


t\ 


X  EPt2  =  FxEP, 


t2 


(5) 


(6) 


529+4  °C. 

where 

BPtl  is  the  horsepower  at  temperature  4  °C.,  to  which  BPt2  the  horsepower  at  the  temperature 
C.,  is  to  be  reduced  and  F  is  the  reduction  factor. 

F  may  therefore  be  written. 


4 


F- 


529  +  observed  temperature  iry  °C. 
529  +  correction  temperature  in  °C. 


(7) 


In  order  to  correct  horsepower  at  a  given  observed  barometric  pressure  and  temperature  to 
horsepower  at  the  actual  temperature  corresponding  to  the  altitude  of  the  given  barometric 
pressure,  it  is  necessary  to  know  the  mean  actual  temperatures  existing  at  the  various  altitudes. 

To  obtain  this  relation  the  information  contained  in  Aeronautic  Instruments  Circular  No.  3, 
issued  by  the  Bureau  of  Standards,  was  used,  resulting  in  the  altitude-temperature  curves  on 
plots  8  and  9. 

As  it  is  necessary  for  the  purpose  of  comparison  to  correct  an  observed  horsepower  for  both 
temperature  and  barometric  pressure  it  is  desirable  to  obtain  an  expression  for  a  correction 
factor  which  shall  include  both  corrections. 

The  results  of  numerous  tests  in  the  altitude  laboratory  indicate  that  for  the  ordinary 
slight  differences  in  barometric  pressure  met  with  from  day  to  day,  the  assumption  that  the 
brake  horsepower  varies  directly  as  the  barometric  pressure  is  sufficiently  accurate.  The  true 
variation  of  horsepower  with  altitude  is,  however,  fully  covered  in  Part  I  of  this  report. 

Upon  the  assumption  that,  the  horsepower  developed  varies  directly  as  the  barometric 
pressure  we  have: 

BPlPl 


Bprp , 


'8) 


or. 


A 


where, 


EPt = W  X  BP2  =  Ft  EP2  (9) 

*2 

EP i  —  Horsepower  developed  at  correction  pressure  Pv 
EP2  =  Observed  horsepower  developed  at  observed  pressure  P2. 
p 

Fx  =  j£,  the  barometric  pressure  correction  factor. 


From  equation  (9)  we  get: 

p  _  Correction  barometric  pressure 
1  ~  Observed  barometric  pressure 


(10) 
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Combining  the  temperature  and  pressure  corrections  from  equations  (7)  and  (10)  we  obtain 
an  expression  for  a  factor  Fl}  to  correct  horsepower  from  observed  temperature,  and  pressure 
to  standard  or  correction  temperature  and  pressure,  as  follows: 


„  _  529  +  Obs.  temp.  °C  s  Correct  baro.  pressure 
1  ~~  529  +  Correct  temp.  °CX  Obs.  baro.  pressure. 


(ID 


Plot  10  is  constructed  for  obtaining  this  combined  correction  factor  and  is  based  on 
equation  (11).  To  use  this  chart  proceed  as  follows:  Trace  vertically  upwards  from  observed 
carburetor  air  temperature  to  line  of  correction  temperature,  then  horizontally  to  observed 
barometric  pressure.  From  there  trace  in  direction  of  radiating  lines  to  correction  pressure, 
then  horizontally  to  the  line  of  correction  factors. 


-30  -35  30 

Hot  No  10. 


-/0  -5  O  S  '0  tj  20  15 

Observed  Temperoiures  of  Carburetor  Air  °C . 


Plot  1 1  is  constructed  in  a  similar  manner  for  obtaining  the  combined  correction  factor  in 
terms  of  temperature  in  degrees  Fahrenheit  and  pressure  in  inches  of  mercury. 

In  using  these  charts  it  should  be  borne  in  mind  that  the  majority  of  the  tests  upon  which 
this  report  is  based  were  made  on  only  one  engine  and  between  temperatures  of  approximately 
-20°  and  15°  C.  (-4°  and  59°  F.),  respectively.  However,  the  three  later  tests  with  the  180 
horsepower  engine  were  made  between  temperatures  of  —15°  and  50°  C.  (5°  and  122°  F.),  and 
the  results,  as  given  in  Tables  V  and  VI  and  on  plot  6,  check  very  closely  the  average  of  the 
earlier  runs.  This  is  illustrated  by  the  curves  on  plot  7,  where  the  average  curve  as  drawn 
on  plot  5,  is  prolonged  to  include  these  higher  temperatures. 

It  therefore  appears  safe  to  assume  that  this  relation,  expressed  by  the  simple  equation: 

^  529  + 12  °C.  920+4  °F. 

li~529  +4  °C.  °r  920  +  4  °F.’ 

which  has  been  derived  from  tests  at  various  altitudes  on  two  engines  equipped  with  three 
different  carburetors,  gives  apparently  accurate  results  for  the  type  of  engines  considered  within 
the  experimental  temperature  range  of  —20°  to  50°  C.  (  —  4°  to  122  °F.). 


Correction  Factors 


45  50 

Plot  No.  n. 


65  70  75  80  05  90  95  100 

Observed  Temperoture  of  Carburetor  A/r  °F . 
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effect  of  compression  ratio,  pressure,  temperature,  and  humidity  on  power. 


Table  I,  Test  No.  79.—  X  gas,  Claudel  carburetor,  hand  adjusted,  high  compression  (5. 3:1). 


Altitude. 


Tempera¬ 
ture  of 
carburetor 
air. 


Feet. 

30,000 

10, 100 

11,600 

5. 150 


0  C. 

-19. 
+  3. 
-18. 
+  7. 
-17. 
+  9. 
-19. 
-  0. 


Dynamom¬ 

eter 

scale 

corrected 

for 

balance. 

1 

Back  pressure 
correction. 

Dynamom¬ 
eter  scale 
corrected 
for  balance 
and  back 
pressure. 

Revolutions 

Horsepower 
at  1,500 
revolutions 

Height  in 
Cms.  of 
IhO. 

Scale 

correction . 

per 

minute. 

per  minute 
at  observed 
tempera¬ 
tures. 

j  Pounds. 

103.0 

98.0 

162.  5 

152.5 
218.0 

207.5 
271.0 

263.5 

Pounds. 

Pounds. 

103.0 

1,490 

51.5 

98.0 

1,490 

49.0 

162.5 

1,500 

81.3 

152. 5 

1,490 

76.3 

218.0 

1,510 

109.0 

207.5 

1,490 

103.8 

271.0 

1,550 

135. 5 

263.  5 

1,550 

131.8 

Table  II,  Test  No.  80.—  X  gas,  Claudel  carburetor,  hand  adjusted,  extra  high  compression 

{6.2:1). 


1 

Tempera¬ 
ture  of 
carburetor 
air. 

Dynamom¬ 

eter 

scale 

corrected 

for 

balance. 

Back  pressure 
correction. 

Dynamom¬ 
eter  scale 
corrected 
for  balance 
and  back 
pressure. 

Revolutions 

Horsepower 
at  1,500 
revolutions 
per  minute  , 
at  observed 
tempera¬ 
tures. 

1 

Altitude . 

Height  in 
Cms.  of 
FhO. 

Scale 

correction. 

per 

inmate. 

— 

Feet. 

11,600 

19,200 

29, 750 

! 

°  c. 

-19.0 
+  6.2 

—  5. 5 

0 

-18.0 

-  2.6 
+  20.8 

0 

—15. 8 

0 

+  16.2 

Pounds. 

249.5 
242.0 

245. 5 

238.3 

182.4 

178. 5 
170.0 
177.0 

114.5 

m.o 

107.6 

-  2.7 

-  2.15 

-  4.2 

-  4.3 
+  1. 45 
+  3. 3 

1  +3.0 

1  +5.2 

+  15.5 
!  +14.7 

;  +14.7 

Pounds. 

-0.1 
-0.1 
-0.2 
-0.2 
+0.1 
+0. 1 
+0.1 
+0.2 
+0.6 
+0.6 
+0.6 

Pounds. 

249.4 

241. 9 

245. 3 

238. 1 

182.5 

178.6 

170.1 

177.2 

115.1 

111.6 

108.2 

1,494 

1,406 

1,516 

1,674 

1,488 

1,526 

1,496 

1,524 

1,520 

1,558 

1,500 

i 

124.7 
121.0 

122.7 

119.1 

91.3 

89.3 

85. 1 

88.6 

57.6 

55.8 

54. 1 

Table  III  Test  No.  103.  Tice  carburetor,  inherent  adjustment,  155  gas,  high  compression 

{5.3:1). 


Tempera-  , 
ture  of 
carburetor 
air. 

1 

f 

,  1 
Dynamom-  I 
eter 
scale 

corrected  I 
for 

balance. 

Back  pressure 
correction. 

Dynamom¬ 
eter  scale 
corrected 
for  balance 
and  back 
pressure. 

Revolutions 

Horsepower 
at  1,500  ! 

revolutions 
per  minute 
at  observed 
tempera¬ 
tures. 

1  Altitude. 

Height  in 
Cms.  of 
7/jO. 

| 

Scale 

correction,  i 

- 

per 

minute. 

Feet. 

5,300 

I  11,400 

19, 250 

23, 170 

°  o.  , 

-10.9 
-  0.8 
+13.6 
—  11.2 
+  9.6 

-  0.7 
-11.6 
+  1.0 
+  14.7 

-  9.7 
+  0.6 
+16.6 

Pounds.  ! 
278.  5 

273.5 

271.5 

221.5 
219.2 

220.5 

166.5 

161.5 

157.5 

136.5 

132. 5 

129.5 

-  2.5 

-  2.0 

-  3.0 
-11.0 

-  1.0 

0 

+  3.0 
+  2.5 
—15.5 
+  4.0 
+  3.0 
-19.0 

Pounds. 

-0.1 

-0.1 

-0.1 

-0.4 

0 

0 

+0.1 

+0.1 

-0.6 

+0.2 

+0.1 

-0.7 

Pounds. 

278.4 

273.4 

271.4 
221.1 
219.2 

220.5 

166.6 
161.6 
156.9 

136.7 
132.6 

128.8 

1,505 

1,518 

1,530 

1,503 

1,498 

1,508 

1,508 

1,503 

1,500 

1,510 

1,488 

1,483 

139. 2  ! 
136. 7 

135.  7 
110.6 
109.6 

110.3 

83.3 

80.8 

78.5 

68.4 

66.3 

64.4 

Table  IV, 

Test  No.  104. —  H gas, 

Claudel  carburetor,  hand  adjusted,  high  compression  (5.3:1). 

Tempera- 

Dynamom¬ 

eter 

scale 

corroded 

for 

balance. 

Back  pressure 
correction. 

Dynamom¬ 
eter  scale 

Revolutions 

Horsepower 
at  1,500 
revolutions 
per  minute 
at  observed 
tempera¬ 
tures. 

Altitude. 

ture  of 
carburetor 
air. 

Height  in 
Cms.  of 
H,0. 

Scale 

correction. 

for  balance 
and  back 
pressure. 

per 

minute. 

Feet. 

5,450 

1 

i 

0  C. 
-15.8 

-  9.9 

-  5.0 

-  0.1 
+  6.2 

Pounds. 

296.5 

293.5 

287.5 
272.0 

285.  5 

-32.0 
-33.0 
-34.0 
-20.0 
-  7.5 

i 

Pounds. 

-1.2 

-1.3 

-1.3 

i  -0.8 

|  -0.3 

i 

Pounds. 

295.3 

292.2 

286.2 

271.2 

285.2 

1,520 

1,525 

1,515 

1,507 

1,530 

147.6 
146.1 

’  143. 1 

135. 6 

142.6 

1 
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Table  V,  Tests  Nos.  116  and  117. — Two-inch  Strom-  Table  VI,  Test  No.  119. —  Two-inch  Stromberg  car- 
berg  carburetor,  hand  adjusted,  high  compression  (5. 8:1),  buretor,  hand  adjusted,  X  gas,  high  compression 

X  gas,  altitude  2,050 feet.  (5.8:1),  altitude  1,950  feet. 


Temperature 
of  carburetor 
air. 

Dynamometer 
scale  readings. 

Revolutions 
per  minute. 

Horsepower 
at  1,800 
revolutions 
per  minute  at 
observed 
temperatures. 

°  C. 

-  5.0 

Pounds. 

328.0 

1,800 

196.8 

+  0.2 

326.3 

1,800 

195. 8 

+  5.2 

329.0 

1,793 

197.4 

+  9.4 

326.0 

1,790 

195.6 

+  15.3 

323. 0 

1,800 

193.8 

+  20.1 

321.0 

1,795 

192.6 

+  40.2 

312.2 

1,798 

187.3 

+  50.0 

303.5 

1,806 

182.1 

+45.1 

307.0 

1,803 

184.2 

+  40.0 

309.0 

1,800 

185.4 

+34. 5 

308.2 

1,810 

184.9 

+30.0 

310.8 

1,803 

186.5 

+  25.0 

314.0 

1,800 

188.4 

+20.1 

317.0 

1,813 

190.2 

+  14.9 

318.0 

1,820 

190.8 

Temperature 
of  carburetor 
air. 

Dynamometer 
scale  readings. 

Revolutions 
per  minute. 

Horsepower 
at  1,800 
revolutions 
per  minute  at 
observed 
temperatures. 

•  C. 

-15.5 

Pounds. 

337.3 

1,810 

202.4 

-  9.9 

336.7 

1,800 

202.0 

-  4,5 

335. 3 

1,800 

201.2 

+  0.7 

332. 0 

1, 795 

199.2 

+  6.1 

329.0 

1.797 

197.4 

+  10.9 

326.  0 

1,815 

195.6 

+17.3 

324.0 

1,815 

194.4 

+21.7 

321.0 

1,820 

192.6 

+  26.0 

318.  0 

1,815 

190.8 

+32.5 

315.0 

1,795 

189.0 

+  38.6 

310.0 

1,805 

186.0 

+42.0 

308.5 

1,800 

185.2 

+  47.5 

305. 0 

1,800 

183.0 

+52.8 

302.5 

1,795 

181.5 

+  52.4 

302.5 

1,797 

181.  5 
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PART  IV. 

INFLUENCE  OF  WATER  INJECTION  ON  ENGINE  PERFORMANCE.1 

By  V.  W.  Brinkerhoff. 


RESUME. 

A  short  investigation  has  been  conducted  at  the  Bureau  of  Standards  to  determine  the 
effect  of  water  injected  into  the  intake  manifold  of  an  internal  combustion  engine.  This  in¬ 
vestigation  was  carried  out  on  two  different  engines,  truck  and  automobile,  but  the  results  in 
general  are  such  as  to  apply  also  to  airplane  engines. 

The  first  series  of  tests  was  conducted  to  determine  whether  the  use  of  water  injected  into 
the  intake  manifold  has  any  effect  on  the  horsepower  output  and  fuel  economy;  the  second 
series  to  determine  the  effect  upon  the  carbon  deposit  on  the  cylinder  walls  and  piston  heads. 

The  data  obtained  indicate  that  in  an  engine  of  good  design  there  is  no  appreciable  gain  in 
power  or  fuel  economy  due  to  the  injection  of  water,  but  in  a  badly  carbonized  or  a  poorly 
designed  engine,  where  hot  spots  due  to  improper  cooling  are  present,  a  slight  increase  in  power 
may  result.  If  enough  water  be  used,  it  will  remove  a  small  portion  of  the  carbon  but  will 
cause  at  the  same  time  a  considerable  reduction  in  the  operating  efficiency  of  the  engine. 

The  maximum  amount  of  water  used  in  these  tests  was  limited  to  that  which  did  not 
materially  interfere  with  the  normal  operation  or  power  output  of  the  engine  and  the  re¬ 
sults  do  not  indicate  the  value  of  much  larger  quantities  of  water  as  injected  under  special 
conditions  solely  as  a  carbon  removing  agent. 

INFLUENCE  OF  WATER  INJECTION  ON  ENGINE  PERFORMANCE. 

The  object  of  this  investigation  has  been  to  determine  from  dynamometer  tests  the  effect 
of  the  injection  of  water  into  the  intake  manifold  of  an  engine  on  the  power  output,  fuel  economy, 
carbonization,  and  general  engine  performance.  It  has  .been  claimed  by  advocates  of  water 
injection  into  the  intake  manifold  that  the  use  of  water  in  this  way  results  in — 

(1)  Increase  of  power. 

(2)  Decrease  in  fuel  consumption. 

(3)  Decrease  in  carbon  deposit  on  pistons,  valves,  and  combustion  chambers. 

The  tests  made  at  the  Bureau  of  Standards,  covering  a  period  of  some  seven  weeks,  have 
been  run  primarily  to  meet  the  needs  of  the  Inventions’  Board  of  the  War  College,  and  the 
scope  of  this  investigation  was  determined  by  a  conference  between  members  of  the  Inventions’ 
Board  and  the  staff  of  the  Bureau  of  Standards.  While  no  attempt  has  been  made  at  an  ex¬ 
haustive  study  of  the  problem  it  is  thought  that  the  data  from  these  tests  will  answer  in  a 
general  way  the  question  of  the  effect  of  water  injection  upon  engine  performance.  Although 
the  engines  used  were  of  the  type  employed  in  motor  trucks  and  automobiles,  the  results  are  of 
such  character  as  to  apply  in  general  to  airplane  engines. 

For  use  in  these  experiments  the  Inventions’  Board  provided  one  of  the  War  Department’s 
standardized  truck  engines,  class  B.  This  engine  was  connected  to  a  Sprague  Electric  Co. 
125-horsepower  dynamometer,  and  provisions  made  for  all  auxiliary  apparatus  necessary  to 
obtain  the  data  recorded  below.  This  engine  is  a  4-cylinder  conventional  design  with  a  bore 
of  4.75  inches  and  stroke  of  6  inches,  giving  a  total  piston  displacement  of  425  cubic  inches. 
The  intake  manifold  is  of  the  “hot  spot”  type.  The  clearance  volume  was  found  to  average 
37  per  cent  of  the  swept  volume,  giving  the  very  low  compression  ratio  of  3.7. 

The  average  compression  pressure  as  determined  by  an  O’Kill  indicator  was  found  to  be 
47.75  pounds  per  square  inch  at  100  revolutions  per  minute  with  jacket  water  at  55°  C. 

1  This  Report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  34. 
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The  test  data  given  on  the  accompanying  log  sheets  were  obtained  as  follows: 

The  engine  was  first  warmed  up  to  operating  temperature  and  the  carburetor  adjusted  to 
give  maximum  power  at  maximum  speed  and  then  power  runs  made,  using  ordinary  gasoline, 
with  spark  set  for  maximum  power,  all  data  being  taken  over  a  period  of  five  minutes  and  aver¬ 
aged.  Water  was  then  admitted  to  the  intake  manifold  at  a  point  about  1.75  inches  above 
carburetor  throttle  and  the  same  data  taken  with  the  same  spark  settings,  followed  by  another 
run  with  water,  but  with  the  spark  advanced  for  maximum  power.  These  runs  were  made  over  a 
speed  range  of  from  400  to  1,200  revolutions  per  minute  at  intervals  of  200  revolutions  per  minute. 
The  amount  of  water  used  during  any  run  was  determined  by  reading  the  difference  in  height  of 
the  water,  at  the  beginning  and  end  of  the  run,  in  a  graduate  cylinder  of  1,000  cc.  capacity  and 
observing  time  elapsed  by  means  of  a  stop  watch.  The  amount  of  water  used  was  controlled 
by  means  of  a  glass  stop  cock  in  the  line  between  the  graduate  cylinder  and  the  intake  manifold. 

The  preliminary  and  test  runs  No.  2  and  No.  3  were  made  with  a  Zenith  L6  carburetor 
fitted  with  25  mm.  choke,  1.15  mm.  main  jet,  and  1.25  mm.  compensator  jet.  Varying  amounts 
of  water  were  used  throughout  these  runs.  In  test  No.  4  a  Stromberg  M3  carburetor  with 
inch  choke  and  No.  52  (0.0635  inch)  bleeder  was  substituted  to  permit  of  varying  the  gas  air 
mixture  ratio  for  each  speed.  This  adjustment  was  to  give  the  lowest  fuel  consumption  con¬ 
sistent  with  maximum  power  and  to  obtain  a  single  setting  with  a  rich  mixture. 

Tests  No.  5  and  No.  6  are  part  throttle  runs  of  constant  torque  and  power  in  each  case, 
simulating  the  following  road  conditions:  Road  resistance,  50  pounds  per  ton;  truck  speed,  10 
miles  per  hour;  gross  weight,  10  tons;  diameter  of  wheels,  40  inches;  gear  ratio,  9,5:1. 

In  test  rim  No.  3  a  metal  plate  with  an  asbestos  gasket  was  inserted  between  intake  and  exhaust 
manifold  in  order  to  ascertain  any  difference  in  operation  due  to  a  lower  temperature  of  mixture. 

Commercial  gas,  fulfilling  United  States  General  Supply  Committee  Specifications  for  1918,  and 
Aeroplane  B  oil,  a  product  of  the  Atlantic  Refining  Co.,  were  used  in  all  runs.  Particular  care  has 
been  given  throughout  the  tests  to  keep  external  conditions  the  same  in  so  far  as  possible. 

To  determine  the  influence  of  water  injection  upon  the  removal  of  carbon  in  an  engine,  a 
Rutenber  6-cylinder,  3  by  5  inch  engine  was  mounted  upon  a  test  stand  and  fitted  with  fan 
brake  for  providing  a  load.  A  thermo-syphon  system  of  cooling  was  used  and  provision  made 
for  determination  of  oil  and  water  temperatures,  revolutions  per  minute,  oil,  water,  and  gasoline 
consumption.  This  engine  was  run  for  several  days  with  a  very  rich  mixture  setting,  spark 
retarded,  cooling  water  temperature  as  low  as  possible,  and  oil  occasionally  introduced  into 
cylinders  until  the  valves,  piston  heads,  and  combustion  chambers  were  well  covered  with 
carbon.  The  engine  was  then  run  for  a  period  of  six  hours  at  wide-open  throttle,  with  water 
injected  into  the  intake  manifold,  with  outlet  water  at  a  constant  temperature  and  as  high  as 
possible.  At  the  end  of  this  run  the  cylinder  head  was  removed  for  inspection.  It  was  found 
on  this  inspection  that  the  water  had  not  made  any  appreciable  effect  upon  the  carbon  deposit. 
This  run  was  followed  by  others  in  which  the  amount  of  water  injected  into  the  manifold  and 
the  temperatures  of  the  jacket  inlet  water  were  varied. 

The  only  data  taken  on  these  tests  have  been  the  rate  of  water  injection,  number  of  hours, 
and  maximum  temperature  of  outlet  water.  The  total  amount  of  water  used  was  27.5  gallons 
for  a  total  of  23.75  hours  and  a  temperature  of  outlet  water  from  a  minimum  of  55°  to  a  maxi¬ 
mum  of  90°  C.  The  water  rate  varied  from  2.4  pints  per  hour  to  7.05  pints  per  hour,  this 
maximum  rate  causing  some  reduction  in  the  engine  power. 

The  following  conclusions  have  been  reached  as  a  result  of  this  investigation: 

(1)  The  injection  of  water  varying  in  amount  from  0.03  pound  per  brake  horsepower  to 
0.44  pound  per  brake  horsepower  per  hour  does  not  produce  any  appreciable  effect  upon  power, 
fuel  economy,  or  operation  in  general. 

(2)  Injection  of  water  exceeding  0.44  pound  per  brake  horsepower  per  hour  is  accompanied 
by  an  appreciable  decrease  in  power,  fuel  economy,  and  smoothness  of  operation. 

(3)  It  is  quite  probable  that  with  an  engine  badly  carbonized  so  that  preignition  occurs,  or 
with  an  engine  of  poor  design,  manifesting  this  in  form  of  hot  spots  due  to  lack  of  proper  cooling 
of  valves,  piston,  or  head  of  combustion  chamber,  the  use  of  water  will  result  in  increased  power. 

(4)  With  a  Rutenber  6-cylinder  3  by  5  inch  engine  operating  at  a  high-jacket  water  tem¬ 
perature  the  injection  of  water  in  amounts  between  2  and  8  pounds  per  hour  produced  a  softening 
and  a  slight  reduction  of  carbon,  the  reduction  in  the  amount  of  carbon  deposit,  not  exceeding 
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25  per  cent.  This  was  most  noticeable  on  piston  heads  and  valves.  At  the  same  time,  when 
using  water  at  the  maximum  rate  there  was  considerable  reduction  in  the  power  of  the  engine. 
This  deposit  of  carbon  varies  considerably  in  character,  according  as  composed  of  (1)  that  due 
to  a  very  rich  mixture,  (2)  that  due  to  an  excess  in  use  of  lubricating  oil,  and  (3)  the  above, 
with  the  addition  of  fine  dust  or  dirt  taken  in  through  the  carbureting  system.  Of  these  three 
types  of  carbon  deposit  the  first  is  by  far  the  most  difficult  to  remove,  and,  in  fact,  it  is  found 
that  water  injection  has  little  effect  upon  this  kind  of  carbon. 


Preliminary  test ,  Class  B  engine ,  Zenith  L6  carburetor. 


' 

Time. 

Spark 

advauee, 

degrees. 

T  ach . 
reading, 
r.  p.  m. 

Scale 
beam,  lb. 

Brake 

horse¬ 

power. 

B.M.  E.  P., 
lb.  per 
sq.  in. 

Gas,  lb. 
per  hr. 

Water, 
lb.  per 
hr. 

Gas, 
per  In. 
b.h.p. 
per  br. 

Ratio 
water 
to  gas. 

Jacket 

temp 

Inlet. 

water 

.,  °c. 

Outlet. 

Carb. 

air 

temp., 

°c. 

Oil 

.sump. 

temp., 

°c. 

Oil 
pres¬ 
sure 
rear 
main 
bear., 
lb.  per 
sq. in. 

Pres¬ 
sure 
drop 
intakp 
mani¬ 
fold, 
lb.  per 
sq.  in. 

2:21 . . 

0 

410 

112.5 

15. 38 

69. 9 

12.40 

0 

0. 81 

0 

43 

63 

.  26 

42 

7 

0. 16 

2.35  . 

0 

•114 

112.5 

15.  54 

69.9 

14  02 

Neg. 

.90 

0 

45 

62 

25 

45 

7 

.16 

2.  48 . . 

6. 90 

412 

110.0 

15. 13 

68.  3 

2.50 

46 

62 

24 

7 

.  10 

2.59.. 

8.84 

('20 

115.5 

23.87 

71.6 

19.(7) 

0 

.82 

0 

47 

62 

25 

46 

9 

.22 

3. 17 . . 

8.84 

620 

112.0 

23. 15 

69.  6 

19. 40 

2.  .50 

.84 

0. 129 

47 

62 

25 

48 

9 

.22 

3.25 

11.30 

622 

112. 0 

23.23 

69.  6 

19.  50 

2.50 

.84 

.129 

47 

62 

25 

49 

8 

.22 

3. 36 . . 

12. 42 

810 

121.5 

32. 80 

75.  5 

24.80 

0 

.73 

0 

48 

62 

25 

.50 

10 

.43 

3.50.. 

12.  42 

825 

118.0 

32. 45 

73.3 

21.  .50 

3.  75 

.  66 

.174 

48 

62 

20 

54 

9 

.43 

3.58.. 

17. 10 

826 

123.0 

33.90 

70.4 

24.  50 

2. 82 

.72 

.  115 

48 

62 

27 

55 

9 

.43 

4.19  ■ 

13.80 

1,032 

117.5 

40.40 

73.0 

30.70 

0 

.76 

0 

48 

62 

27 

59 

10 

.68 

4.21.. 

13.  80 

1,029 

118.75 

40. 70 

73.8 

30.50 

1.25 

.75 

.041 

48 

62 

28 

62 

10 

.68 

4.28.. 

19.33 

1,026 

121.25 

41.50 

75.3 

29.10 

1.25 

.70 

.  043 

48 

62 

27 

64 

10 

.68 

4. 3w  . 

24.85 

1,238 

108. 50 

44. 70 

67.4 

22.00 

0 

0 

0 

49 

62 

27 

66 

11 

.98 

4.4". . 

24.85 

1,227 

105. 00 

42.90 

05. 2 

33.00 

5. 27 

.77 

.  160 

50 

62 

27 

70 

11 

.98 

4.55. . 

0 

1,240 

108.00 

44.70 

67.0 

35. 60 

o.  01 

.80 

.141 

50 

02 

28 

72 

10 

.98 

Water  injection  test  run  number  2,  Class  B  engine,  Zenith  L6  carburetor. 


Time. 

I 

Spark  ad¬ 
vance, 
degrees. 

Tach. 
read¬ 
ing, 
r.  p.  m. 

Brake 

horse¬ 

power. 

B.  M. 
E.  P., 
lb.  per 
sq.  in. 

Gas, 
lb.  per 
hr. 

Water, 
lb.  per 
hr. 

Gas, 
lb.  per 
b.  h.  p. 
per  hr. 

. 

Ratio 

water 

togas. 

Water  jacket 
temp.,  °C. 

Garb. 

air 

temp., 

°C. 

Oil 

sump. 

temp., 

°C. 

Oil 
pres¬ 
sure, 
rear 
main 
bear., 
lb.  per 
sq. in. 

Pres¬ 
sure 
drop 
intake 
mani¬ 
fold, 
lbs.  per 
sq.  in. 

Scale 

beam, 

pounds. 

Batt. 

Mag. 

Inlet. 

Out¬ 

let. 

1.05 . 

4. 1 

9.5 

416 

16.7 

75.0 

14.63 

0 

0.88 

0 

45. 5 

62.0 

34.0 

18.0 

5.0 

0.13 

120.50 

1.14 . 

4.1 

9.5 

411 

16.1 

73. 0 

12.58 

6.03 

.78 

0. 48 

45.0 

61.0 

34. 0 

49.0 

5.0 

.13 

1 17. 70 

1.24 . 

9.7 

11.5 

416 

16.5 

74.0 

13188 

5. 96 

.84 

.429 

13. 0 

02. 0 

34.0 

49.0 

5.0 

.13 

119.  35 

1.34 . 

12.4 

18.0 

621 

25.4 

76.3 

19.28 

0 

.76 

0 

47.0  | 

62.0 

35.0 

50.5 

7. 5 

.25 

122. 85 

1.44 . 

12.4 

18.0 

616 

24.4 

74.0 

19. 52 

11.02 

.80 

.365 

47.8  ’ 

61.5 

36.5 

50. 5 

7.5 

,25 

119. 00 

1.52 . 

18.0 

22.5 

620 

25.0 

75.2 

19. 10 

10.03 

.76 

.572 

48.0  1 

62.0 

36.0 

52. 5 

7.5 

.25 

121.00 

2.01 . 

18.4 

22.0 

S25 

34.3 

77.5 

24.  85 

0 

.72 

0 

49.0 

64.0 

36.0 

53.0 

9.2 

.38 

124. 60 

2.10 . 

18.4 

22.0 

826 

33.  5 

75.7 

25.50 

11.38 

.  76 

.447 

49.0 

62.5 

38.0 

57.5 

8.0 

.38 

121.75 

2.18 . 

19.3 

24.0 

820 

34.4 

78.2 

24.  45 

11.38 

.71 

.467 

49.0 

62.0 

36.5 

60.0 

7.5 

.38 

125.  75 

2.29 . 

18.0 

21.5 

1,032 

40.8 

74.0 

30.45 

0 

.75 

0 

46.5 

63.0 

36. 5 

63.0 

9.75 

.74 

1 18.  85 

2.37 . 

18.0 

21.5 

1,030 

41.2 

74.5 

29.30 

11.38 

.72 

.396 

49.5  : 

63.0 

37.0 

66.0 

9.0 

.74 

119.  75 

2.46 . 

23.5 

30.0 

1,034 

41.7 

75.0 

30.30 

11.47 

.  73 

.379 

49.0 

62.0 

39.0 

69.0 

8.5 

.74 

120.80 

2.55 . 

33.2 

36. 0 

1,256 

44.25 

65.  8 

36.90 

0 

.83 

0 

50.0 

62. 0 

38.5 

70.5 

11.5 

.98 

106. 75 

3.04 . 

33.2 

36.0 

1,244 

44.3 

66.5 

.33. 15 

19. 05 

.  75 

.575 

50.5 

61.0 

38.5 

72.5 

11.0 

.98 

107.00 

3.12 . 

36.6 

36.0 

1,250 

44.3 

66.2 

34. 10 

19.20 

.77 

.563 

50.5 

61.0 

38.0 

75.5 

10.0 

.98 

106.50 

Test  number  3,  Class  B  engine,  Zenith  L6  carburetor,  metal  plate  ( asbestos-lined )  inserted  between  intake  and  exhaust 

manifold. 


Time. 

Spark  ad¬ 
vance,  degrees. 

Tach. 
read¬ 
ing, 
r.  p.  m. 

Brake 

horse¬ 

power. 

B.  M. 
E.  P., 
lb.  per 
sq.  in. 

Gas, 
lb.  per 
hr. 

Water, 

lb.  per 
hr. 

Gas, 
lb.  per 
b.  h.  p. 
per  hr. 

Ratio 
water 
to  gas.  ( 

| 

i 

Water  jacket, 
temp.,  °C. 

Carb. 

air, 

temp., 

°C. 

Oil, 

sump. 

temp., 

°C. 

Oil 
pres¬ 
sure, 
rear 
main 
bear., 
lb.  per 
sq.  in. 

Pres¬ 
sure, 
drop 
intake 
mani¬ 
fold, 
lb.  per 
sq.  in. 

Scale 

beam, 

pounds. 

Batt. 

Mag. 

Inlet. 

Outlet. 

1.32 

8.2 

13.0 

416 

16.8 

75.5 

15.00 

0 

0.89 

0 

45 

62 

36.5 

59 

5 

.  13 

121.50 

1.41 

8.2 

13.0 

412 

16.3 

73.6 

13. 05 

6. 15 

.SO 

0.470 

45 

61 

3S.0 

59 

5 

.13 

118.50 

1.50 

12.4 

15.0 

421 

16.7 

73.9 

14. 10 

6.13 

.  S5 

.435 

46 

61 

38.0 

57 

5 

.13 

119.00 

2.00 

19.2 

22.0 

618 

25.2 

75.8 

19.40 

0 

.77 

o 

48 

62 

3S.0 

57 

8 

.22 

122.00 

2.08 

19.2 

22.0 

622 

24.9 

74.5 

19.20 

3. 93 

.77 

.205 

48 

62 

39.0 

57 

8 

.22 

120. 00 

2.16 

24.8 

28.5 

622 

25.2 

75.6 

19.80 

3. 93 

.79 

.  1985  1 

48 

62 

39.0 

58 

8 

.22 

121. 75 

2.26 

24.8 

27. 5 

832 

34.7 

77.7 

24.30 

0 

.70 

o 

48 

62 

38.0 

59 

10 

.43 

125.00 

2.34 

21.  S 

27.5 

834 

34.9 

78.0 

25.80 

4.40 

.74 

.170 

49 

62 

38. 0 

60 

9 

.43 

125. 50 

2.41 

30.4 

30.0 

832 

34.7 

77.7 

25.60 

4.24 

.74 

.166 

48 

62 

38.0 

61 

9 

.43 

125.00 

2.50 

29.0 

31.0 

1,040 

41.7 

74.8 

24.70 

0 

.59 

0 

48 

62 

38.0 

63 

10 

.68 

125. 50 

3.01 

29.0 

31.0 

1,046 

42.3 

75.2 

25.00 

3. 22 

.59 

.129 

49 

62 

38.0 

66 

10 

.68 

121.00 

3.08 

34.6 

36.0 

1,034 

41.8 

75.2 

25.30 

4.48 

.61 

.  177  1 

49 

62 

38.0 

68 

10 

.68 

121. 00 

3.17 

38.6 

36.0 

1,254 

43. 5 

64.6 

32.00 

0 

.74 

0  ; 

50 

62 

40.0 

70 

12 

1.02 

104. 00 

3.25 

38.6 

36.0 

1,246 

43.6 

65.3 

31.80 

4. 92 

.73 

.  lo4 

50 

62 

40.0 

74 

11 

1.02 

105.00 

3.30 

40.8 

36.0 

E250 

43.7 

65.1 

31. 10 

4.82 

.71 

.  155  ; 

50 

62 

40.0 

76 

11 

1.02 

104. 75 

Nora —in  the  above  table  the  first  run  in  each  group  of  three  runs  was  made  with  gasoline  only  and  spark  set  for  maximum  power.  The 
second  run  was  made  with  water  injected  into  the  mixture,  using  the  same  spark  setting  us  on  the  first  run.  The  thiiG  v,  as  made  w Eli  v.  ater  and 
the  spark  adjusted  for  maximum  power. 
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Test  number  4,  Class  B  engine,  Stromberg  MS  carburetor. 


Time. 

Tach. 
read¬ 
ing, 
r.  p.  m. 

Brake 

horse¬ 

power. 

B.  M. 
E.  P„ 
lb.  per 
sq.  in. 

Gas, 
lb.  per 
hr. 

Water, 
lb.  per 
hr. 

Gas, 
lb.  per 
b.  h.  p. 
per  hr. 

Water, 
lb.  per 
b.  h.  p. 
per  hr. 

Ratio 

water 

to 

gas. 

Scale 

beam 

pounds. 

Jacket  wator 
temp.,  °C. 

Carb. 

air 

temp., 

°C. 

Oil 

sump. 

temp., 

°C. 

Oil 
pres¬ 
sure 
rear 
main 
bear., 
lb.  per 
sq.  in. 

Pres¬ 
sure 
drop 
intake 
mani¬ 
fold., 
lb.  per 
sq.  in. 

Spark  advance, 
degrees. 

Inlet. 

Outlet. 

Batt. 

Mag. 

11.11 

421 

16.90 

74.6 

18.83 

0 

1.11 

0 

0 

120.1 

46.5 

62.5 

32.5 

41.0 

8.0 

.31 

11.00 

17.00 

11.20 

417 

16.70 

74.7 

17.75 

1.79 

1.06 

.107 

.101 

120.3 

47.0 

62.5 

33.5 

41.5 

8.0 

.31 

11.00 

17. 00 

11.29 

419 

17.00 

75.5 

19. 10 

1.80 

1.12 

.106 

.094 

121.6 

46.0 

62.0 

34.0 

43.5 

7.5 

.31 

13.75 

20.00 

11.40 

620 

25.90 

77.7 

25.95 

0 

1.00 

0 

0 

125.1 

48.5 

62.0 

34.5 

45.5 

10.0 

.  5S 

22.00 

26. 00 

11.49 

622 

25.80 

77.3 

26.50 

3.43 

1.03 

.133 

.130 

124.6 

48.5 

62.0 

34.5 

47.5 

9.0 

.56 

22.00 

26.00 

11.57 

616 

25.60 

77.3 

26.10 

3.42 

1.02 

.134 

.131 

124.4 

49.0 

63.0 

35.0 

49.5 

8.5 

.56 

24.75 

27.00 

12.06 

828 

35.40 

79.5 

29.70 

0 

.84 

0 

0 

128.3 

49.0 

63.0 

34.0 

51.5 

10.0 

1.00 

27.50 

31.00 

12.15 

830 

35.40 

79.5 

0 

3.33 

0 

.131 

0 

128.0 

49.5 

63.0 

35.0 

55.0 

10.0 

1.00 

27. 50 

31.00 

12.23 

826 

35. 20 

79.3 

33.10 

3.83 

.94 

.109 

.116 

127.8 

50.0 

63.0 

36.0 

57.5 

9.5 

1.00 

30.25 

32.00 

12.35 

1,034 

41.20 

74.2 

36.00 

0 

.87 

0 

0 

119.4 

50.0 

63.0 

35.5 

61.0 

10.0 

1.56 

30. 25 

35. 00 

12.44 

1,042 

41.60 

74.5 

41.30 

3.42 

1.00 

.  0S2 

.083 

119.8 

50.0 

62.5 

36.0 

64.5 

10.0 

1.56 

30.25 

35.00 

12.52 

1,038 

41.50 

74.5 

36.70 

3.40 

.89 

.082 

.092 

119.8 

50.0 

62.0 

36.0 

66.5 

10.0 

1.56 

33.00 

37.00 

1.03 

T.  246 

44.40 

66. 5 

42.80 

0 

.96 

0 

0 

106.9 

51.0 

62.0 

37.0 

70.5 

10.5 

2.06 

37. 00 

37.00 

1.12 

R238 

44.20 

66.5 

44.50 

3.57 

1.01 

.081 

.080 

107. 0 

51.0 

62.0 

36.5 

73.5 

10.5 

2.06 

37.00 

37. 00 

1.18 

1,232 

43.40 

65.8 

1  41.30 

3.52 

.96 

.0808 

.0S5 

106.0 

51.0 

62.0 

37.0 

75.5 

10.0 

2.06 

41.25 

37.00 

_ 

WITH  CARBURETOR  SETTING  FOR  MAXIMUM  POWER  AT  EACH  SPEED. 


420 

10. 95 

75.5 

16.35 

2.36 

.96 

.139 

.144 

121.1 

46.0 

62.0 

36.0 

52.0 

5.0 

.31 

13. 75 

15.00 

622 

25.70 

77.2 

21.50 

2.64 

.84 

.  1025 

.123 

124.1 

47.0 

62.5 

37.0 

52.0 

8.0 

.56 

22. 00 

24. 00 

832 

35.40 

79.5 

29.70 

3.02 

.84 

.085 

.102 

127. 0 

50.0 

63.5 

38.0 

56. 0 

10.0 

1.00 

20.  50 

26.00 

1,030 

41.50 

74.9 

30.30 

3.33 

.73 

.080 

.110 

120.2 

50.0 

63.0 

39.0 

01.0 

10.0 

1.50 

27.50 

31.00 

1^244 

44.80 

67.4 

35.60 

3.70 

.80 

.0795 

.104 

108.1 

50.0 

62.5 

39.0 

67.5 

12.0 

2.06 

33.00 

33.00 

Note. — In  the  first  part  of  the  above  table  the  first  run  in  each  group  of  three  runs  was  made  with  gasoline  only  and  spark  set  for  maximum 
power.  The  second  run  was  made  with  water  injected  into  the  mixture,  using  the  same  spark  setting  as  on  the  first  rim.  The  third  was  made 
with  water  and  the  spark  adjusted  for  maximum  power. 


Test  number  5,  Class  B  engine,  Stromberg  MS  carburetor. 


Time. 

Tach. 
read¬ 
ing, 
r.  p.  m. 

Brake 

horse¬ 

power. 

B.  M. 
E.  P., 
lb.  per 
sq.  in. 

Gas, 
lb.  per 
hr. 

Water, 
lb.  per 
hr. 

Gas, 
lb.  per 
b.  h.  p. 
per  hr. 

Water, 
lb.  per 
b.  h.  p. 
per  hr. 

Ratio 

water 

to 

gas. 

Scale 

beam 

pounds. 

Jacket  water 
temp.,  °C. 

Car. 

air 

temp., 

°C. 

Oil 

sump. 

temp., 

°C. 

Oil 
pres¬ 
sure 
rear 
main 
bear., 
lb.  per 
sq.  in. 

Pres¬ 
sure 
drop 
intake 
mani¬ 
fold., 
lb.  per 
sq.  in. 

Spark  advance, 
degrees. 

Inlet. 

Outlet. 

Batt. 

Mag. 

10.26 

409 

6.81 

31.10 

10.0 

0 

1.47 

0 

0 

50.0 

42.0 

55.0 

20.0 

35.0 

8.0 

5.8 

15.00 

10.34 

405 

6.75 

9.0 

5. 16 

1.33 

.764 

.575 

41.0 

54.0 

20.0 

36.5 

8.0 

5.6 

15.00 

10.45 

411 

6.85 

9.0 

4.94 

1.31 

.720 

.550 

39.5 

51.0 

20.0 

37.5 

8.0 

5.86 

31.00 

10.56 

642 

10.70 

12.0 

0 

1.12 

0 

0 

46.0 

57.0 

20.0 

38.5 

10.0 

5.5 

26.00 

11.04 

650 

10.82 

10.9 

3.21 

1.01 

.296 

.293 

47.0 

59.0 

20.0 

40.0 

10.0 

5.6 

26.00 

11.12 

662 

11.05 

12.0 

3.19 

1.08 

.289 

.268 

47.0 

59.0 

20.5 

41.5 

10.0 

5.6 

36.00 

11.20 

834 

13.90 

0 

0 

0 

0 

0 

a 

51.0 

62.5 

21.0 

44.0 

11.0 

5.3 

21.00 

11.27 

832 

13.88 

03 

15.0 

7.54 

1.08 

.543 

.502 

OS 

51.0 

64.0 

21.0 

46.0 

10.5 

5.1 

c3 

21.00 

11.36 

784 

13.08 

1 

15.0 

7.72 

1.15 

.591 

.514 

1  a 

50.5 

61.5 

22.0 

48.5 

10.0 

5.1 

p 

29.00 

11.45 

1,062 

17.70 

o 

21.0 

0 

1.19 

0 

0 

o 

51.5 

63.0 

22.0 

51.0 

11.0 

4.5 

16.00 

11.55 

i;038 

17.30 

O 

18.0 

3.21 

1.0*1 

.185 

.178 

O 

51.0 

63.0 

22.5 

54.5 

10.0 

4.5 

16.00 

12.03 

U034 

17.  25 

18.0 

3.17 

1.04 

.184 

.177 

52.0 

63.0 

23.0 

57.5 

10.0 

5.2 

36.00 

12.13 

1,230 

20.50 

18.0 

0 

.876 

0 

0 

52.0 

62.5 

23.0 

61.0 

11.0 

4.8 

27.00 

12.21 

1,176 

19.60 

15. 0 

8.55 

.765 

.436 

.222 

52.0 

62.5 

23.5 

65.5 

10.6 

4.8 

27.00 

12.28 

lj224 

20.40 

18.0 

8.65 

.880 

.424 

.208 

52.0 

63.0 

23.5 

65.5 

10.5 

4.9 

36.00 

Note.— In  the  above  table  the  first  run  in  each  group  of  three  rims  was  made  with  gasoline  only  and  spark  set  for  maximum  power.  The 
second  run  was  made  with  water  injected  into  the  mixture  using  the  same  spark  setting  as  on  the  first  run.  The  third  was  made  with  water  and 
the  spark  adjusted  for  maximum  power. 


Test  number  6,  Class  B  engine,  Stromberg  MS  carburetor. 


Time. 

Tach. 
read¬ 
ing, 
r.  p.  m. 

Brake 

horse¬ 

power. 

B.  M. 
E.  P., 
lb.  per 
sq.  in. 

Gas, 
lb.  per 
hr. 

Water, 
lb.  per 
hr. 

Gas, 
lb.  per 
b.  h.  p. 
per  hr. 

Water, 
lb.  per 
b.  h.  p. 
per  hr. 

Ratio 

water 

to 

gas. 

Scale 

beam 

pounds. 

Jacket  water 
temp.,  °C. 

Car. 

air 

temp., 

°C. 

Oil 

sump. 

temp., 

°C. 

Oil 
pres¬ 
sure 
rear 
main 
bear., 
lb.  per 
sq.  in. 

Pres¬ 
sure 
drop 
intake 
mani¬ 
fold., 
lb.  per 
sq.  in. 

Spark  advance, 
degrees. 

Inlet. 

Outlet. 

Batt. 

Mag. 

2.28 

403 

13.40 

62.3 

17.25 

0 

1.29 

0 

0 

100.00 

41.0 

56.5 

20.5 

36.5 

5.0 

2.7 

19.2 

15. 0 

2.37 

404 

13.40 

62.3 

17.05 

7.72 

1.27 

.576 

.453 

100.00 

38.5 

51.5 

20.0 

38.5 

5.0 

2.7 

19.2 

15.0 

2.45 

412 

13.70 

63.3 

14.60 

7.80 

1.07 

.569 

.535 

100.00 

38.5 

50.5 

20.0 

40.0 

5.0 

2.7 

33.0 

26.0 

2.56 

643 

14. 25 

41.5 

21.10 

0 

1. 48 

0 

0 

66.66 

40.0 

51.0 

20.0 

40.0 

5.0 

3.6 

41.3 

36.0 

3.03 

651 

14.45 

41.5 

21.40 

5.47 

1.48 

.379 

.258 

66.66 

40.0 

50.5 

20.0 

40.0 

5.0 

3.6 

41.3 

36.0 

3.11 

892 

14.85 

31.1 

24.10 

0 

1.62 

0 

0 

50.00 

40.5 

49.5 

20.0 

40.0 

5.0 

3.6 

41.3 

36.0 

3. 18 

884 

14.70 

31.1 

23.80 

8.30 

1.62 

.565 

.348 

50.00 

40.5 

49.5 

20.0 

40.5 

5.0 

3.5 

41.3 

36.0 

3.28 

1,034 

13. 80 

24.9 

24.50 

0 

1.78 

0 

0 

40.00 

52.0 

61.5 

20.0 

42.0 

6.0 

3.4 

41.3 

36.0 

3.35 

1, 008 

13.45 

24.9 

24.40 

6.70 

1.81 

.498 

.274 

40.00 

52.0 

61.0 

20.0 

43.5 

6.0 

3.4 

41.3 

36.0 

3.45 

l,  242 

13.80 

20.8 

27.20 

0 

1.97 

0 

0 

33.33 

53.0 

61.0 

21.0 

45.5 

7.0 

3.4 

41.3 

36.0 

3.52 

li  198 

13.30 

20.8 

25.10 

8. 47 

1.89 

.638 

.338 

33.33 

54.0 

61.0 

21.0 

48.5 

7.0 

3.5 

41.3 

36.0 
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A  STUDY  OF  AIRPLANE  ENGINE  TESTS. 

By  Victor  R.  Gage. 


RESUME. 

This  report  is  a  study  of  the  results  obtained  from  a  large  number  of  tests  of  an  Hispano- 
Suiza  airplane  engine  in  the  altitude  laboratory  of  the  Bureau  of  Standards.  It  was  originally 
undertaken  to  determine  the  heat  distribution  in  such  an  engine,  but  many  other  factors  are 
also  considered  as  bearing  on  this  matter. 

So  many  variables  enter  into  the  testing  of  multi  cylinder  internal  combustion  engines  that 
even  where  every  effort  has  been  made  to  keep  conditions  constant  the  results  of  a  large  number 
of  tests  must  be  studied  in  order  to  reach  sound  conclusions.  This  has  been  done  in  the  present 
case.  Graphical  methods  of  expressing  the  various  relations  have  been  used  where  possible, 
and  the  results  plotted  in  a  wide  variety  of  ways  to  check  their  accuracy.  The  use  of  logarithmic 
coordinate  paper  has  permitted  the  plotting  of  many  of  the  relations  as  straight  lines. 

Considering  the  tests  as  a  whole,  there  are  three  major  variables:  Speed,  altitude,  and 
horsepower.  Temperature  during  the  tests  was  maintained  practically  constant.  The  loss  in 
power  through  friction  was  assumed  constant  at  any  given  speed  regardless  of  altitude.  This 
appeared  to  be  justified,  as  will  be  described  later.  Indicated  horsepower  has  been  considered 
as  brake  horsepower  plus  friction  horsepower.  Indicated  horsepower  appears  to  decrease  in 
direct  proportion  to  decrease  density  of  the  air.  Its  decrease  with  increase  in  altitude  is  due 
only  to  the  fact  that  a  variation  in  altitude  necessarily  implies  an  increase  or  decrease  in  density. 
For  a  given  temperature,  density  is  directly  proportional  to  barometric  pressure.  Hence,  the 
graphical  representation  of  the  variation  of  indicated  horsepower  with  barometric  pressure, 
when  plotted  on  logarithmic  coordinates,  will  be  a  straight  line  whose  slope  is  unity. 

A  study  of  the  heat  distribution  under  the  various  conditions  shows  that: 

(1)  The  brake  thermal  efficiency  remains  constant  at  about  24  per  cent  on  the  ground  at 
all  speeds.  As  the  altitude  is  increased  its  value  drops  to  about  20  per  cent;  the  maximum 
value  at  altitudes  occurring  at  a  speed  of  about  1,600  r.  p.  m.  The  indicated  thermal  efficiency 
remains  nearly  constant  at  26  per  cent  for  all  speeds  and  altitudes. 

(2)  The  heat  lost  in  the  exhaust  is  at  a  maximum  at  1,900  r.  p.  m.  at  all  altitudes,  and 
amounts  to  almost  50  per  cent  of  the  heat  supplied  on  the  ground,  decreasing  to  about  40  per 
cent  at  30,000  feet  altitude. 

(3)  The  heat  lost  through  friction  varies  from  2  per  cent  at  1,700  r.  p.  m.  and  3  per  cent 
at  2,100  r.  p.  m.  on  the  ground  to  6  and  8  per  cent,  respectively,  at  30,000  feet  altitude. 

(4)  The  heat  lost  in  the  jacket  water  is  about  17  per  cent  of  that  supplied  at  all  speeds  on 
the  ground,  increasing  to  28  per  cent  at  2,100  r.  p.  m.  and  35  per  cent  at  1,300  r.  p.  m.  at  30,000 
feet. 

Due  to  the  fact  that  the  heat  supplied  in  the  gasoline  varies  with  altitude,  the  above  per¬ 
centages  are  not  absolutely  accurate.  The  heat  supplied  appears  to  be  proportional  to  the 
density  of  the  air  up  to  about  10,000  or  15,000  feet  altitude.  As  the  density  is  further  decreased 
relatively  more  gasoline  is  necessary  and  the  proportionality  between  heat  supplied  and  density 
ceases.  The  heat  utilized  and  lost  appears  to  follow  about  the  same  relation  as  the  heat 
supplied. 

Fuel  consumption  varies  from  a  minimum  of  0.50  pound  per  B.  H.  P.  per  hour  on  the  ground 
to  a  maximum  of  0.69  at  30,000  feet. 

The  study  of  the  relation  between  power  and  speed  shows  that  the  increase  in  power  through 
increase  of  speed  is  at  a  maximum  on  the  ground;  the  gain  becoming  less  as  the  altitude  is  in- 
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creased,  until  at  30,000  feet  there  is  practically  no  gain  in  power  with  increase  in  speed  above 
about  1,700  r.  p.  m.  After  reaching  a  sufficient  altitude,  the  curves  show  that  the  engine 
would  stall  at  from  450  to  500  r.  p.  ra.,  with  wide-open  throttle,  as  there  would  not  be  sufficient 
power  to  overcome  the  friction  losses. 

The  power  lost  in  friction  is  a  very  important  factor  in  the  performance  of  the  engine  at 
high  altitudes.  While  its  value  can  not  at  present  be  determined  with  extreme  accuracy,  owing 
to  the  fact  that  no  satisfactory  indicator  for  high-speed  internal-combustion  engines  is  now 
available,  a  careful  investigation  was  made  of  all  the  data  bearing  on  this  question.  After 
carefully  considering  these  results  and  the  fundamental  laws  governing  the  subject,  it  is  con¬ 
cluded  that  friction  mean  effective  pressure  is  practically  a  constant  for  a  given  speed  and  is 
independent  of  altitude. 

Considering  the  matter  of  carburetion,  the  results  indicate  that  the  optimum  proportion 
of  gasoline  to  air  for  maximum  fuel  economy  is  not  a  constant  at  constant  speed  with  change  in 
altitude.  Apparently  the  leanest  mixture  could  be  used  at  about  15,000  feet  with  greater 
weight  proportions  of  fuel  to  air  at  other  altitudes. 

SUMMARY  OF  CONTENTS. 

Introduction — Outlining  the  Problem. 

J.  Averaging  the  Tests. 

Description  of  the  graphical  methods  used  in  averaging  the  results  of  the  several  tests,  as  applied  to  B.  H.  P., 
B.  t.  u.  supplied,  B.  t.  u.  utilized  in  B.  H.  P.,  B.  t.  u.  in  exhaust,  and  B.  t.  u.  in  jacket  water.  Use  made  of 
logarithmic  carves,  plotting  the  several  items  vs.  barometric  pressure,  each  speed  by  itself  (in  these  tests 
barometric  pressure  is  proportional  to  air  density). 

Indicated  horsepower  computed  upon  the  assumption  of  a  constant  friction  loss  for  any  one  speed. 

Plots  1  to  15,  inclusive,  belong  to  this  section  of  the  report.  The  average  values  of  the  customary  items  ot'  an 
engine  test  report  are  given  in  Tables  1  and  2,  and  are  also  shown  on  the  plots. 

Brake  torque  versus  speed  and  versus  barometric  pressure,  plots  22  and  23  properly  belong  to  this  section. 

II.  Graphical  Presentation  op  Heat  Distribution  and  Engine  Characteristics. 

Including  plots  16  and  17.  Curves  plotted  with  the  item  being  considered  versus  speed,  each  altitude  separately. 
The  several  altitudes  so  arranged  that  the  curves  from  left  to  right  represent  increasing  altitude. 

III.  Relation  between  Power  and  Speed. 

B.  H.  P.  versus  r.  p.  m.,  plot  19.  I.  H.  P.  versus  r.  p.  m.,  plot  20.  Indicated  torque  versus  r.  p.  m.,  plot  21. 
Brake  torque  versus  r.  p.  m.,  results,  plot  24. 

IV.  Friction  Losses. 

A  study  of  friction,  etc.,  losses  on  the  Ilispano-Suiza  and  other  engines.  Tables  3  and  4.  F.  H.  P.  versus  r.  p.  m. 
on  plot  25.  Friction  torque  versus  r.  p.  m.,  plot  26.  Logarithms  of  F.  H.  P.  versus  logarithms  r.  p.  m.  on  plot 
27.  Assumptions  made  in  Group  I  apparently  justified. 

V.  Gain  of  Power  Through  Increase  of  Speed. 

Table  5,  I.  H.  P.  and  B.  H.  P.  versus  density,  plot  28.  Gain  of  power  versus  density,  plot  29.  Per  cent  gain  of 
power  versus  density,  plot  30.  The  use  of  density  in  plotting  the  results  of  airplane  engine  tests  is  recom¬ 
mended. 

VI.  Effects  of  Change  of  Density  and  Speed  on  Carburetion. 

Plots  31,  32,  and  33.  The  carburetion  apparently  was  consistent  throughout  these  tests. 

Appendix. 

Results  of  tests  used  as  a  basis  for  this  report. 

INTRODUCTION. 

This  work  was  undertaken,  primarily,  to  study  the  distribution  of  heat  in  an  internal-com¬ 
bustion  engine,  such  as  is  used  for  airplanes.  The  energy  supplied  to  the  engine  per  unit  of  time 
can  be  accurately  determined  by  weighing  the  gasoline  supplied  and  determining  its  calorific 
value.  Likewise,  the  measures  of  the  energy  delivered  at  the  brake,  the  beat  rejected  in  the 
exhaust,  and  the  heat  removed  by  the  jacket  water,  can  be  readily  ascertained.  The  amounts 
of  energy  lost  in  overcoming  friction,  in  drawing  in  and  compressing  the  charge,  and  in  expelling 
the  products  of  combustion,  are  not  measurable  by  any  direct  means  at  the  present  time.  The 
future  ma}7  bring  forth  an  indicator  suitable  for  high-speed  internal-combustion  engines,  but 
there  is  none  at  present.  The  power  required  to  drive  the  various  pumps  and  the  magneto 
could  be,  but  have  not  been,  determined.  All  of  these  unknown  losses  have  here  been  lumped 
together  and  called  friction. 
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In  order  to  obtain  an  idea  of  the  magnitude  of  the  friction  losses,  the  assumption  was  made 
that  the  force  driving  the  piston  is  directly  proportional  to  the  weight  of  the  charge  in  the 
cylinder.  Thermodynamic  and  “indicated”  thermal  efficiencies  are  dependent  upon  com¬ 
pression  ratio,  not  upon  absolute  compression  pressures.  The  consistent  results  and  the  checks 
obtained  seem  to  justify  this  assumption. 

In  testing  multicylinder  internal-combustion  engines  there  are  so  many  factors  that  influence 
the  operation  of  the  engine  that  the  results  of  two  tests  under  apparently  the  same  conditions 
may  not  agree  as  closely  as  would  be  expected  by  a  person  accustomed  to  testing  steam  engines 
or  turbines.  A  few  of  the  many  variables  that  may  affect  the  results  of  tests  of  internal-combus¬ 
tion  engines  are:  Temporary  or  permanent  valve  leakage  due  to  carbon  deposits  or  warping; 
lubrication  changes,  slight  changes  in  carburetion  due  to  temperature  effects  or  humidity; 
alteration  in  ignition  by  change  of  spark  gap,  electrical  leakage  of  porcelain,  or  by  preignition; 
changes  in  weight  of  charge  due  to  change  of  temperature  of  piston  and  cylinder  walls,  although 
jacket  water  was  so  regulated  as  to  leave  the  engine  at  about  140°  F.  in  all  tests;  etc. 

Of  these  possible  variable  factors,  lubrication  was  maintained  as  constant  as  possible  by  the 
use  of  a  uniform  grade  of  oil  and  by  maintaining  the  oil  temperature  as  uniform  as  was  prac¬ 
ticable.  Air  temperatures  were  maintained  within  a  rather  narrow  limit  except  at  ground  level. 
Humidity  was  not  controlled  but  for  all  observations  at  other  than  ground  level,  the  humidity 
was  extremely  low'  due  to  precooling  of  the  air.  Spark-plug  gaps  were  carefully  maintained 
constant  and  extreme  care  vTas  exercised  to  avoid  all  irregularities  of  ignition,  including 
preignition. 

In  spite  of  the  care  exercised  to  secure  uniform  conditions,  it  is  necessary  to  average  a  large 
number  of  tests  in  order  to  determine  the  general  laws  and  the  fundamental  relations  of  the 
variables.  Graphical  methods  wrere  given  preference  over  other  methods.  If  any  desired 
relation  can  be  shown  by  a  straight  line,  then  the  method  of  averaging  by  plotting  the  data  is 
exceptionally  reliable.  It  W'as  found  that  any  one  small  group  of  tests  was  liable  to  lead  to 
conclusions  slightly  at  variance  from  the  average  of  the  w-hole,  and  it  is  advisable  to  consider, 
together,  all  tests  under  similar  conditions. 

Because  of  the  conditions  outlined  above,  the  results  of  these  tests,  390  in  number,  were 
graphically  analyzed  in  nearly  as  many  different  wTays  as  could  be  thought  of:  Plotting,  cross¬ 
plotting,  and  replotting  the  various  items.  This  method  of  handling  furnished  somew'hat  of  a 
check  on  the  truth  of  the  necessary  assumption.  It  also  makes  strict  search  into  the  accuracy 
and  consistency  of  the  handling  of  the  data. 

I.  AVERAGING  THE  TESTS. 

The  Plispano-Suiza  engine  upon  which  these  tests  were  made  was  a  stock  airplane  engine 
rated  180  horsepow'er  at  1,700  r.  p.  m.,  with  8  cylinders  4.72  by  5.12  inches,  arranged  in  a  90° 
vee,  with  compression  ratio  of  5.3  to  1.  The  engine  was  tested  in  the  altitude  chamber  with 
barometric  pressures  such  as  are  normally  associated  with  altitudes  of  about  5,500,  11,500, 
19,200,  and  29,500  feet,  but  with  nearly  constant  temperature  of  about  0°  F.,  on  all  tests.  At 
each  “altitude”  tests  were  made  with  speeds  of  about  1,300,  1,500,  1,700,  1,900,  and  2,100 
revolutions  per  minute,  the  change  of  speed  being  secured  by  change  of  load  on  the  Sprague 
dynamometer,  with  throttle  wide  open  on  all  tests.  The  carburetor  was  a  Claudel,  and  the 
proportion  of  gasoline  to  air  wras  adjusted  to  give  maximum  pow'er  on  the  lean  side  for  each 
test.  One  grade  of  gasoline  (called  X)  was  used  for  171  tests,  and  nine  other  fuels  wrere  used 
during  the  other  219  tests.  The  X  gasoline  was  used  as  a  standard,  for  the  purposes  of  com¬ 
parisons,  in  all  of  the  seven  groups  into  wrhich  the  tests  were  divided.  It  wras  found  that  the 
variations  in  results  using  X  gasoline  wTere  of  the  same  order  of  magnitude  as  the  variations 
between  X  gas  and  the  other  fuels.  Plence  all  of  the  data,  irrespective  of  fuel,  taken  under 
similar  operating  conditions,  w^ere  plotted  together. 

Looking  at  the  tests  as  a  whole,  there  are  three  major  variables — speed,  altitude,  and  horse¬ 
power.  The  relation  between  altitude  and  power,  taking  the  various  speeds  separate!)  was 
the  first  selected  for  study. 
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With  an  engine  running  at  constant  speed,  if  the  weight  proportion  of  fuel  to  air  is 
unchanged,  the  weight  of  charge  drawn  into  the  cylinder  will  be  directly  proportional  to  the 
density  of  the  air.  The  power  developed  by  the  burning  of  the  charge  (indicated  horsepower) 
will  decrease  in  direct  proportion  to  the  density.  For  a  given  temperature,  the  density  is 
directly  proportional  to  the  barometric  pressure.  The  relation  between  altitude  and  baro¬ 
metric  pressure  is — 

. ,  .  ,  Barometric  pressure  at  ground. 

Altitude  =  Constant  X  log  Barometric  pressure  at  altitude 

These  tests  were  made  at  nearly  constant  temperature,  hence  if  the  indicated  horsepower 
for  a  constant  speed  is  plotted  as  ordinates  and  the  barometric  pressure  is  used  as  abscissae 
upon  cross  section  paper  having  logarithmic  instead  of  arithmetic  spacing,  the  relation  should 
be  a  straight  line  with  a  slope  of  unity.  The  brake  horsepower  would  differ  from  this  only  by 
the  mechanical  and  pumping  losses  of  the  engine.  The  values  of  brake  horsepower  at  the 
various  altitudes  are  plotted  in  this  manner  on  plots  1,  4,  7,  10,  and  13,  each  for  a  different 
speed.  The  relation  is  a  slightly  curved  line,  suggesting  an  equation  of  the  form: 

B.  H.  P.  —  (a  constant  friction  H.  P.  for  each  speed)  =  1.  H.  P. 

Generalizing  upon  the  matter  of  the  friction  horsepower  for  any  one  speed,  it  would  seem 
reasonable  that  it  should  be  nearly  a  constant.  The  fluid  pumping  losses,  the  power  required 
to  drive  the  magneto,  the  pumps,  and  the  valve  gear  should  change  little,  if  any,  with  change 

of  altitude.  The  bearing  friction  loss  is  of  the  form: 

Total  friction  =  (constant  X  load)  +  (constant  X  viscosity  X  speed).  For  the  present  the 
case  of  constant  speed  has  been  selected.  Viscosity  may  increase  with  increase  of  altitude 
because  less  heat  is  generated  in  the  engine  at  greater  altitudes.  An  increase  of  viscosity  will 
increase  the  friction  loss.  The  load  factor  in  the  friction  equation  is  an  unknown,  in  the  sense 
that  it  is  a  composite  of  inertia  and  gas  pressure  factors,  whose  relation  changes  with  design, 
speed,  altitude,  etc.  The  pressures  on  the  bearings  may  or  may  not  reverse  in  direction. 
However,  a  large  change  of  bearing  pressure  will  cause  only  a  comparatively  small  change  of 
total  friction.  On  the  whole,  the  bearing  friction  is  a  small  part  of  the  mechanical  losses  of  the 
engine,  and  may  be  assumed  constant.  The  piston  friction  is  probably  the  largest  single  item 
of  all  the  losses,  and  apparently  will  be  nearly  constant  for  a  given  speed,  depending  raoie  upon 
inertia  forces  than  upon  fluid  pressures. 

Therefore  the  assumption  was  made  that  the  friction  horsepower  is  constant  for  a  given 
speed.  Combining  with  this  one  the  other  assumption,  or  fact,  that  the  I.  H.  P.  is  directly 
proportional  to  the  density  of  the  air,  use  was  made  of  the  fact  that 

BHP  +  FHP  =  IBP. 


Two  values  of  B.  H.  P.  were  read  from  one  of  the  curves,  plots  1,  4,  7,  10,  and  13,  corre¬ 
sponding  to  any  two  altitudes.  One  of  the  unknown  quantities,  I.  H.  P.,  was  multiplied  by 
the  relative  densities  at  the  two  altitudes.  The  other  unknown,  the  F.  H.  P.,  was  thus  foun 
by  algebraic  means.  This  was  repeated,  using  other  altitudes,  and  a  general  mean  of  the  h .  H.  1  . 
for  a  given  speed  was  thus  determined.  This  value  of  F.  H.  P.  was  then  added  to  the  B.  H.  . 
curve  values,  the  I.  H.  P.  values  thus  obtained  were  plotted,  and  a  straight  line  with  unity 
slope  (45°  on  this  log  scaling)  was  drawn  through  the  points.  The  fact  that  the  straight  me 
with  unity  slope  does  pass  through  the  points  indicates  that  the  two  assumptions  stated  above 
are  not  inconsistent.  Beading  from  these  I.  H.  P.  and  B.  H.  P.  curves,  the  I.  H  P.  t md  B  H.  J F. 
values  were  recorded  in  Table  1  for  altitudes  of  0  (ground),  5,000,  10,000,  15,000,  20,000,  25,000, 

and  30,000  feet.  i  .  ...  ,  .  ., 

The  test  results  of  heat  units  (B.  t.  u.)  supplied  in  the  fuel  per  minute,  discharged  in  the 

exhaust  gases  and  in  the  jacket  water,  as  well  as  the  B.  H.  P.  expressed  in  B.  t.  u  are  plotted 
on  the  same  plots  as  the  B.  H.  P.  The  numerical  values  of  these  items  tabulated  m  1  able  2 
were  read  from  the  curves.  The  test  results  on  fuel  consumption  were  plotted  on  arithmetically 
scaled  coordinates  on  plots  2,  5,  8,  11,  and  14,  together  with  the  mechanical  and  thermal  effi¬ 
ciencies  as  derived  from  the  curves  on  plots  1,  4,  7,  10,  and  lo. 
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By  using  relative  density  of  air  instead  of  altitude,  many  of  the  relations  can  he  changed 
from  sharp  curves  to  nearly  straight  lines.  As  a  matter  of  fact,  the  density  is  the  controlling 
variable,  altitude  enters  only  because  of  the  density  associated  with  it.  The  heat  distribution 
at  the  several  speeds,  plots  3,  6,  9,  12,  and  15,  are  plotted  in  this  way,  using  relative  density  as 
abscissae  with  an  altitude  scale  superposed.  One  set  of  curves  shows  the  quantity  of  heat  in 
B.  t.  u.  as  ordinates,  which  was  supplied  in  the  gasoline,  utilized  in  the  I.  H.  P.,  rejected  in 
exhaust,  and  absorbed  in  jacket  water.  The  other  set  gives  the  same  items  in  per  cent,  of  the 
heat  supplied  in  the  fuel  (gasoline). 

The  heat  distribution  results  of  the  2,100  r.  p.  m.  group  were  first  worked  up  by  plotting 
the  percentage  of  heat  accounted  for  in  the  various  items,  as  originally  computed  on  each  test. 
In  fairing  the  curves  an  effort  was  made  to  keep  the  total  per  cent  heat  accounted  for  down  to 
as  low  a  value  as  possible,  consistent  with  the  data.  Later  the  curves  thus  obtained  were  super¬ 
posed  on  the  plotted  points  of  the  test  values,  plotted  as  in  the  other  speed  groups,  and  were 
found  to  agree  quite  well.  For  the  other  speed  groups  the  heat  distribution  was  studied  by 
plotting  heat  units  instead  of  percentages.  This  statement  will  explain  why  the  2,100  r.  p.  m. 
totals  of  “Heat  accounted  for”  (Table  2)  are  somewhat  lower  than  those  of  the  other  speeds. 
The  difference  is  greater  at  the  higher  altitudes.  The  results  for  other  speeds  are  obtained  in 
the  more  logical  manner.  It  hardly  seems  possible  that  so  much  of  the  heat  supplied  could  he 
accounted  for  in  the  observed  items  of  the  tests  as  shown  in  Table  2.  Surely  there  is  considerable 
conduction,  convection,  and  radiation  of  heat  from  the  engine  which  was  not  measured.  The 
exhaust  gases  were  not  analyzed,  but  undoubtedly  they  contained  some  unburnt  gasoline  and 
some  products  of  incomplete  combustion.  How  much  heat  energy  is  supplied  in  the  lubricating 
oil  is,  of  course,  unknown ;  but  the  oil  consumption  of  airplane  engines  runs  somewhere  around 
6  to  7  per  cent  of  the  volume  of  gasoline,  or  8  to  9  per  cent  by  weight.  The  heating  value  of  the 
lubricating  oil  is  substantially  the  same  as  gasoline,  about  20,000  B.  t.  u.  per  pound.  Some 
portion  of  this  oil  consumption  must  be  burnt  with  the  gasoline.  Perhaps  it  might  be  well  to 
consider  that  the  heat  supplied  in  the  fuel  should  be  3  to  5  per  cent  greater  on  account  of  the  oil 
than  is  shown  by  the  gasoline  measurements.  In  case  the  heat  in  the  exhaust  is  measured  by  the 
rise  of  temperature  of  a  known  weight  of  water  which  is  mixed  with  and  cools  the  exhaust  gases, 
it  is  obvious  that  the  higher  heating  value  of  the  fuel  must  be  used  in  computing  the  heat  supplied. 
In  these  tests  the  higher  value  was  used  and  correction  was  made  for  water  vapor  in  the  exhaust. 
When  the  lower  heating  value  of  the  fuel  is  used,  the  engine  is  not  credited  with  receiving  all 
the  energy  which  is  actually  supplied.  The  exhaust  calorimeter  measures  this  heat,  because 
it  condenses  most  of  the  water  formed  by  the  burning  of  the  hydrogen  of  the  fuel.  The  amount 
of  heat  thus  charged  against  exhaust  and  not  credited  a,s  supplied  would  be  about  6  to  8  per 
cent  with  gasoline  fuel  (depending  upon  which  one  of  the  many  lower  heating  values  is  used). 

H.  GRAPHICAL  PRESENTATION  OF  HEAT  DISTRIBUTION  AND  ENGINE  CHARACTERISTICS. 

Reading  values  from  the  curves  drawn  through  the  plotted  points  of  test  results  for  the 
speeds  of  1,300,  1,500,  1,700,  1,900,  and  2,100  r.  p.  m.  and  for  altitudes  of  ground  5,000,  10,000, 
15,000,  20,000,  25,000,  and  30,000  feet,  the  I.  H.  P.’s,  B.  H.  P.’s,  and  fuel  consumption  per 
B.  H.  P.  hour  were  tabulated  on  Table  1.  In  this  table  are  also  given  other  results  of  the 
graphical  analyses:  Mechanical  efficiencies  (B.  H.  P.-f-I.  H.  P.),  F.  H.  P.  (as  originally  com¬ 
puted;  also  I.  H.  P.  minus  B.  H.  P.) ;  fuel  consumption  per  1.  H.  P.  per  hour,  the  relative 
“indicated”  torque,  relative  friction  torque,  and  the  brake  torque  as  derived  from  original 
data  on  plots  22  and  23.  In  a  similar  manner  the  values  of  the  heat  distribution  are  assembled 
in  Table  2,  on  both  a  B.  t.  u.  and  a  percentage  basis,  as  well  as  the  total  per  cent  accounted 
for.  The  last  was  obtained  by  adding  together  the  brake  thermal  efficiency  and  the  per  cent 
heat  lost  in  exhaust,  in  jacket  water,  and  in  friction  for  each  speed  and  altitude.  Using  the 
values  from  these  tables,  the  data  were  assembled  and  plotted  on  the  basis  of  r.  p.  m.  as  abscissa?, 
each  altitude  treated  in  a  separate  curve,  plots  16  and  17.  The  three  major  variables  entering 
into  the  engine  performance  are  power,  speed,  and  air  density.  The  original  plotting  of  the 
data  considered  the  variation  of  power  with  density  for  constant  speeds.  If  points  are  read 
from  these  curves,  and  plotted  as  power  versus  speed  for  constant  densities,  the  result  should 
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be  a  smooth  curve.  If  the  three  variables  are  plotted  on  three  dimensions,  a  smooth  surface 
should  result.  (See  Plot  18.)  By  plotting  in  this  manner,  if  the  points  are  consistent  with 
each  other,  it  means  not  only  that  the  data  were  consistent,  but  also  that  the  various  speed 
groups  were  handled  alike  in  the  graphical  analyses. 

.  The  brake  thermal  efficiency,  plot  16  (based  on  powTer  delivered),  remains  constant  at 
about  24  per  cent  on  the  ground  through  speed  changes  of  from  1,300  to  2,100  r.  p.  m.  As 
the  altitude  is  increased,  the  brake  thermal  efficiency  drops  to  about  20  per  cent,  showing  a 
maximum  value  at  about  1,600  r.  p.  m.  and  with  a  tendency  to  decrease  more  rapidly  with 
increase  than  with  decrease  of  speed  from  this  “best  speed.” 
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The  “indicated”  thermal  efficiency,  plot  16  (based  on  B.  H.  P.  plus  friction,  as  equivalent 
to  the  horsepower  that  should  be  shown  by  an  indicator  card),  remains  nearly  constant  at  about 
26  per  cent  for  all  speeds  and  altitudes.  There  may  be  a  tendency  for  the  indicated  thermal 
efficiency  to  increase  with  increase  of  speed  at  the  ground,  reversing  to  a  decrease  of  efficiency 
with  increase  of  speed  at  30,000  feet.  This  is  not  shown  definitely  enough  at  present,  as  such 
tendency  is  hardly  more  than  an  allowable  difference. 
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The  heat  discharged  in  the  exhaust,  plot  16  (found  by  bringing  the  exhaust  gases  back  to 
their  original  temperature  and  measuring  the  heat  absorbed,  neglecting  unburnt  and  incom¬ 
pletely  burnt  fuel),  is  at  its  maximum  percentage  at  1,900  r.  p.  m.  at  all  altitudes.  It  is  almost 
50  per  cent  of  the  heat  supplied  when  on  the  ground,  decreasing  to  about  40  per  cent  at  30,000 
feet. 

The  percentage  loss  in  friction,  plot  16,  drops  very  slightly  as  the  speed  is  increased  from 
1,300  to  1,700,  where  it  is  a  minimum  at  all  altitudes,  increasing  again  more  rapidly  as  the 
speed  is  increased  above  1,700  r.  p.  m.  At  a  given  speed  an  increase  of  altitude  causes  an 

A/t/tude  in  Feet. 


increase  of  the  percentage  heat  wasted  in  friction.  Friction  takes  2  per  cent  of  the  heat  sup¬ 
plied  W'hen  the  engine  is  on  the  ground  and  turning  over  at  1,700  r.  p.  m.  At  30,000  feet,  6 
per  cent  is  wasted,  at  the  same  speed.  At  2,100  r.  p.  in.  for  the  same  altitude  change,  the 
increase  is  from  3  to  8  per  cent. 

In  making  the  tests,  the  jacket  water,  as  it  left  the  cylinders,  was  constantly  kept  at  about 
140°  F.  A  change  of  this  temperature  would  certainly  change  the  percentage  values  for  exhaust 
losses  and  for  thermal  efficiencies.  Perhaps  friction  would  be  altered,  to  a  minor  extent,  through 
change  of  viscosity.  The  engine  pumping  work  might  also  be  slightly  changed.  As  operated, 
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the  jacket  heat  loss  on  the  ground,  in  per  cent,  is  about  constant  at  17  per  cent,  through  the 
speed  changes.  As  the  altitude  is  increased  the  percentage  increases  at  all  speeds  and  becomes 
a  variable  with  speed  for  altitudes,  so  that  at  30,000  feet  altitude  it  is  35  per  cent  at  1,300  r.  p.  m., 
dropping  to  28  per  cent  at  2,100  r.  p.  m. 

Because  of  the  change  in  amount  of  heat  supplied  in  the  gasoline,  increasing  with  speed 
and  decreasing  with  altitude,  the  percentage  basis  does  not  give  a  complete  showing  of  all 
the  variations.  On  plot  17  it  is  seen  that  the  heat  supplied  increases  (apparently)  directly 
with  increase  of  speed  at  the  ground.  At  30,000  feet  it  approximates  this  relation  up  to  around 
1,500-1,700  r.  p.  m.,  but  a  further  increase  of  speed  is  not  associated  with  as  great 
an  increase  of  energy  supplied.  From  the  curves  on  plots  1,  3,  4,  6,  etc.,  for  constant  speeds, 
it  is  seen  that  the  heat  supply  is  proportional  to  the  density  of  the  air,  up  to  about  10,000  or 
15,000  feet;  then,  as  the  density  decreases,  relatively  more  gasoline  is  necessary,  and  the  pro¬ 
portionality  between  density  and  heat  supply  ceases.  This  can  also  be  indirectly  seen  from 
other  curves,  and  will  be  taken  up  more  fully  later  on.  Apparently  the  change  can  not  be 
charged  entirely  to  carburetion. 

The  heat  (B.  t.  u’s.)  lost  in  the  exhaust,  in  the  jackets,  and  utilized  in  indicated  horsepower 
seem  to  follow,  in  a  general  way,  the  same  relations  with  speed  and  with  altitude  as  those  indi¬ 
cated  for  the  heat  supplied. 

The  friction  losses  shown  on  plot  17  are  shown  to  such  an  open  scale  of  B.  t.  u.  that  the 
internal  variations  are  apparently  large,  although  really  they  are  relatively  small.  Exactly 
the  same  curve  has  been  drawn  through  the  points  for  each  separate  altitude,  and  it  seems 
to  fit  all  of  them  equally  well.  From  this  it  may  be  deduced  that  altitude  does  not  directly 
affect  the  friction  losses.  The  basic  assumptions  are  that  the  indicated  power  of  an  engine  is 
proportional  to  density,  and  that  the  friction  loss  for  a  given  speed  is  nearly  independent  of  the 
density.  The  fact  that  this  one  curve  does  fit  all  the  independently  computed  points  is  a  sort 
of  indirect  evidence  that  the  two  assumptions  are  at  least  fairly  consistent.  Later  an  attempt 
will  be  made  to  check  this  assumption  by  indirect  means. 

On  plot  16  are  plotted  the  tabulated  values  of  mechanical  efficiency.  This  is  found  to  be 
a  maximum  at  about  1,700  r.  p.  m.  for  all  altitudes.  At  ground  level  it  is  nearly  constant 
at  92  per  cent  lor  speeds  from  1,300  to  1,700  r.  p.  m.,  falling  off  to  about  90  per  cent  at  2,100 
r.  p.  m.  As  the  altitude  increases,  the  mechanical  efficiency  decreases,  until  at  30,000  feet 
the  tests  show  about  74  per  cent  at  1,300  r.  p.  m.,  rising  to  77  per  cent  at  1,500  to  1,700  r.  p.  m., 
falling  to  70  per  cent  at  2,100  r.  p.  m.  There  may  be  a  tendency  for  the  point  of  maximum 
mechanical  efficiency  to  be  at  lower  speeds  at  the  higher  altitudes,  although  this  is  only  shown 
as  a  possibility.  It  is  perfectly  evident,  however,  that  the  effect  of  speed  change  upon  mechan¬ 
ical  efficiency  is  small  at  ground,  but  at  high  levels  it  is  very  marked,  and  the  efficiency  will 
rapidly  fall  off  when  the  speed  is  altered  from  the  optimum.  According  to  Prof.  G.  B.  Upton, 
“Airplane  performance  determined  by  engine  performance,”  Sibley  Journal,  June,  1918, 
pages  137-142  (reprinted  in  S.  A.  E.  Journal,  October,  1918),  the  mechanical  efficiency,  as 
a  function  of  altitude,  is  represented  by 

Density — Constant 
Density 

The  constant  for  a  given  engine  is  density  at  ground  X  (1  —  mechanical  efficiency  at  ground;. 
Applying  this  to  the  results  of  these  tests  (Table  1),  it  is  found  that  when  the  mechanical  effi¬ 
ciency  at  ground  is  0.915,  the  efficiency  to  be  expected  at  30,000  feet  is  0.726.  The  arithmetic 
average  of  the  tabular  values  at  ground  is  0.915  ±0.0 12,  and  at  30,000  feet  is  0.745  ±0.040. 
This  checks  within  the  accuracy  of  the  methods  and  data  used. 

The  fuel  consumption,  in  pounds  per  horsepower  per  hour,  both  for  I.  H.  P.  and  B.  H.  P., 
is  also  plotted  on  plot  16.  When  based  on  B.  H.  P.  the  effect  of  change  of  mechanical  effi¬ 
ciency  with  altitude  increases  the  best  economy  from  0.50  pound  per  B.  H.  P.  at  ground  to 
0.61  pounds  (or  more)  at  30,000  feet.  At  ground  the  maximum  economy  is  obtained  at  1,500 
r.  p.  m.,  possibly  shifting  to  1,700  r.  p.  m.  at  30,000  feet.  Also  the  change  of  mechanical  effi¬ 
ciency  at  high  levels,  with  change  of  speed,  alters  the  fuel  consumption  per  brake  horsepower, 
so  that  at  30,000  feet  0.65  pound  is  required  at  1,300  r.  p.  m.,  dropping  to  0.61  at  1,700,  and 


< 
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again  increasing  to  0.69  at  2,100  r.  p.  m.  (The  values  are  perhaps  in  error  for  1,500  and  1,700 
r.  p.  m.,  being,  respectively,  too  high  and  too  low,  at  altitudes  of  25,000  and  30,000  feet). 
On  the  ground  similar  speeds  change  the  consumption  from  0.515  to  0.50  to  0.525.  This  is  a 
5  per  cent  variation  from  the  optimum  at  ground,  compared  with  a  13  per  cent  variation  (  — ) 
at  30,000  feet.  The  fuel  consumption  per  I.  H.  P.  per  hour,  for  a  given  speed,  remains  about 
constant  at  around  0.46  up  to  10,000  or  15,000  feet;  above  this  it  increases  with  altitude. 
At  ground,  1,500  r.  p.  m.  seems  the  most  economical  speed,  with  a  maximum  variation  of 
about  3  per  cent  for  the  changes  of  speed  shown.  At  30,000  feet,  1,700  r.  p.  m.  appears  to  be 


Plot  No. /6. 
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the  most  economical  speed,  with  about  4  per  cent  variation.  The  fuel  consumption  data 
will  be  considered  later,  utilizing  the  B.  t.  u.  supplied  as  a  means  of  attack,  instead  of  the  pounds 
per  horsepower  hour. 

The  tabulated  values  of  I.  H.  P.  and  B.  PI.  P.  were  also  plotted  on  plot  16  in  the  same 
manner  as  the  other  values  shown  on  plots  16  and  17.  Deduction  can  be  made  more  rapidly 
if  the  horsepowers  are  plotted,  one  curve  for  each  altitude  with  r.  p.  m.  as  abscissae  and  horse¬ 
power  as  ordinates,  as  on  plots  18,  19,  and  20. 

ID.  RELATIONS  BETWEEN  POWER  AND  SPEED. 

Plot  18  is  interesting  as  showing  how  the  relations  between  power,  speed,  and  relative 
density  of  the  air  (altitude)  form  a  warped  surface  when  plotted  on  three  dimensions.  The 
B.  H.  P.  would  be  zero  when  the  relative  density  of  the  air  became  about  0.1  of  the 
density  at  the  ground.  Also,  no  power  can  be  secured  from  the  engine,  with  open  throttle, 
when  it  is  loaded  until  the  speed  drops  to  about  450  r.  p.  m.  For  a  given  density  the  relation 
between  speed  and  power  is  the  intersection  of  a  plane  through  the  relative  density  coordi¬ 
nates  and  the  warped  surface.  Such  curves  are  shown  more  accurately  on  plot  19,  in 
the  customary  manner  of  presenting  engine  characteristics.  The  extensions  of  the  B.  H.  P. 
curves  to  speeds  much  below  1,200  r.  p.  m.  are,  to  a  large  extent,  speculation,  hence  the  exten¬ 
sions  are  shown  in  dashes.  At  ground  level  a  fairly  large  increase  in  brake  power  comes  from 
increasing  the  speed  from  1,300  to  2,100  r.  p.  m.  The  gain  is  less  and  less  as  the  altitude 
increases,  until  at  30,000  feet  practically  no  gain  in  power  results  wThen  the  speed  is  increased 
above  1,700  r.  p.  m.  The  total  gain  from  1,300  to  2,100  r.  p.  m.  at  30,000  feet  is  about  40  per 
cent,  33  per  cent  gain  being  made  from  1,300  to  1,700.  On  the  ground,  the  per  cent  increase 
of  power  is  the  same  (33  per  cent)  between  1,300  and  1,700  r.  p.  m.,  while  the  total  gain  from 
1,300  to  2,100  is  about  50  per  cent. 

The  curves  of  I.  H.  P.  versus  speed,  for  several  altitudes,  plot  20,  differ  from  the  B.  H.  P. 
curves  by  the  addition  of  a  variable  friction  loss  to  the  B.  H.  P.  curves. 

The  I.  H.  P.  curves  apparently  would  converge,  and  at  about  450-500  r.  p.  m.  the  engine 
would  “ stall”  at  open  throttle,  because  no  power  would  be  available  above  that  required  to 
overcome  the  friction  of  about  10  horsepower  at  this  speed.  In  the  actual  engine  it  is  probable 
that  carburation  would  go  bad  before  this  point  was  reached. 

IV.  FRICTION  LOSSES. 

On  plot  20  is  adso  shown  the  friction  horsepower,  a  constant  for  each  speed,  which  was  added 
to  the  original  B.  H.  P.  altitude  curve  for  each  speed  in  order  to  obtain  the  I.  H.  P.  The  plotted 
value  at  1,700  r.  p.  m.  falls  beloAV  the  curve  as  drawn,  and  if  the  curve  were  drawn  through  it, 
the  shape  would  be  distinctly  changed.  The  friction  horsepower  at  speeds  below  1,300  r.  p.  m. 
was  speculated  upon,  in  the  absence  of  data.  On  plot  21,  speed  is  used  as  abscissae,  but  the 
ordinates  are  proportional  to  the  “indicated”  torque.  A  constant  times  the  numerical  scaling 
used  will  give  true  indicated  torque  as  the  scaling  numbers  are  the  I.  H.  P.  times  100  divided 
by  r.  p.  m.  The  same  scaling  is  used  for  friction  torque.  The  dash  curve,  which  is  the  most 
logical  extention  of  the  friction  horsepower  curve  on  plot  20,  indicated  a  decrease  of  friction 
torque  with  increase  of  speed,  from  500  to  1,500  or  1,700  r.  p.  m.,  increasing  again  for  higher 
speeds.  The  dotted  curve  is  frankly  a  constant  friction  torque  line  from  lowest  speeds  to  about 
1,500  r.  p.  m.  It  is  reproduced  on  plot  20  in  dots.  The  dash  curve  (reverse  curve  on  torque) 
is  more  nearly  the  truth  as  shown  by  these  tests. 

A  plain  bearing,  with  constant  load,  and  using  an  oil  of  constant  viscosity,  will  show 
friction  torque  increasing  with  increase  of  speed.  Increase  of  speed,  however,  decreases  the 
viscosity  of  the  oil  due  to  heating  by  the  increased  total  friction.  In  the  engine  the  heating  is 
considerably  greater  than  in  a  plain  bearing  because  of  the  greater  heat  from  the  burning  of 
more  fuel  at  greater  speeds.  This  increase  of  temperature  will  reduce  the  viscosity  of  the  oil 
and  this  reduction  of  viscosity  will  reduce  the  friction,  and  may  be  sufficient  to  reduce  the 
total  friction  torque.  The  pumping  loss  (lower  loop  of  indicator  card)  would  be  nearly  constant 
with  open  throttle,  even  over  a  considerable  range  of  low  speeds.  The  power  required  to  over- 
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come  the  friction  of  the  bearings  and  to  drive  the  gears,  magnetos,  pumps,  etc.,  would  not 
change  much  at  low  speeds.  Altogether  it  is  suggested  that  the  friction  power  loss  can  be  ex¬ 
pressed  by  a  formula  of  the  type 

F=a  +  bN  +  cN>+dN3, 


in  which 


F=  friction  losses. 

7V=r.  p.  m. 

a,  b,  c ,  and  d,  =  coefficients  (not  necessarily  constants)  which  include  variables  depending 
upon  hearing  pressures  (gas  and  inertia),  piston  rubbing,  pump  and  magneto  driving 
power,  temperature,  oil  characteristics,  etc. 

At  higher  speeds,  the  friction  losses  would  increase  much  more  rapidly  than  at  low  speeds. 

It  may  seem  that  too  much  attention  is  being  paid  to  this  matter  of  friction  losses.  The 
reason  for  endeavoring  to  discover  the  fundamental  laws  controlling  the  mechanical  and  other 
losses  is  that  the  effect  of  these  losses  is  much  magnified  at  high  altitudes.  The  mechanical 
efficiency  of  the  engine  is  a  dominant  factor  in  the  performance  of  a  plane  at  high  altitudes. 
A 'knowledge  of  the  amount  of  the  items  of  mechanical  losses  is  therefore  a  necessary  prelude 
to  improvements  in  design,  as  well  as  for  use  in  obtaining  information  concerning  the  heat 
distribution,  the  fuel  consumption,  etc.  For  these  reasons,  and  in  lieu  of  more  definite  data, 
several  indirect  methods  have  been  used  in  the  attempt  to  deduce  the  truth. 

Some  attempts  have  been  made  to  measure  the  losses  of  internal  combustion  engines  by 
measuring  the  power  required  to  drive  them  at  several  speeds.  Another  suggestion  is  to  cut 
off  the  ignition  from  each  cylinder,  in  turn,  and  to  note  the  power  loss  when  speed  is  maintained. 
Perhaps  it  would  be  well  to  repeat  these  latter  tests  with  two  or  more  cylinders  cut  out  at  one 
time.  The  errors  in  measuring  friction  by  these  methods  need  not  be  discussed  here.  By 
taking  the  values  of  friction  resulting  from  such  tests,  and  from  such  assumptions  as  are  here 
made,  it  would  seem  possible  to  know  the  absolute  accuracy  of  each  method  of  assumption. 
A  suitable  indicator  is,  of  course,  the  logical  solution  of  the  problem. 

The  friction  horsepower  of  the  Hispano-Suiza  engine  is  shown  to  a  more  open  scale  on  plot 
25,  using  the  same  values  as  on  plot  20,  and  also  all  values  shown  in  Table  1.  It  seems  to  in¬ 
crease  very  slowly  from  1,300  to  1,700  r.  p.  m.  and  then  to  rise  very  rapidly.  There  is  repro¬ 
duced,  also  on  plot  25,  a  curve  given  in  Automotive  Industries,  January  23,  1919,  page  212,  for 
a  class  B  war-truck  engine.  The  method  of  obtaining  the  data  for  this  latter  curve  was  not 
stated,  and  is  not  known,  but  it  probably  was  obtained  by  measuring  the  power  required  to 
run  the  engine  at  various  speeds,  while  still  hot  from  previous  operation  at  open  throttle.  These 
two  curves  have  been  changed  to  friction  torque  (friction  mean  effective  pressure)  by  the  device 
of  dividing  F.  H.  P.  by  r.  p.  m.,  and  thus  shown  on  plot  26.  The  scaling  is  not  the  numerical 
value  of  torque  or  M.  E.  P.  The  numerical  values  of  F.  M.  E.  P.  are  given  in  Table  33.  The 
curves  for  both  Hispano-Suiza  and  class  B  truck  engines  have  the  same  general  characteristics, 
showing  friction  torque  to  decrease  at  first  with  increase  of  speed  from  the  lower  speeds,  reaching 
a  minimum  value  at  some  intermediate  speed  (dependent,  probably,  upon  the  engine  design), 
and  then  increasing  according  to  some  function  of  the  speed,  which  function  may  be  approxi¬ 
mated  by  raising  the  speed  to  an  exponent  greater  than  unity.  On  plot  27  the  curves  of  plot  25 
are  reproduced,  plotting  the  logarithms  of  r.  p.  m.  against  the  logarithms  of  F.  H.  P.  The  two 
curves  are  seen  to  be  of  the  same  type  (form  of  equation)  but  with  different  engine  constants. 
With  the  lower  speeds  the  friction  horsepower  apparently  increases  with  r.  p.  m  raised  to  the 
0.78  power,  that  is,  F.  II.  P.  increasing  less  rapidly  than  the  r.  p.  m.  After  a  short  transition 
period  the  F.  H.  P.  seems  to  increase  as  the  r.  p.  m  raised  to  the  2.28  power — not  quite  the 
cube  of  speed.  It  should  be  noted  that  there  are  separate  numerical  scalings  for  the  two  engines. 

The  matter  of  friction  losses  was  considered  in  a  paper  “High  Speed  Internal  Combustion 
Engines/’  by  Mr.  H.  R.  Ricardo,  appearing  in  Engineering  (London),  May  24,  1918,  page  588. 
Some  of  the  numerical  estimates  from  this  paper  are  abstracted  in  Table  4.  The  bearings  and 
accessories  take  about  1 .8  pounds  per  square  inch  pressure  upon  the  piston  (of  the  mean  effective 
pressure),  the  piston  friction  about  7.2  pounds  per  square  inch  and  the  fluid  pumping  loss 
(lower  loop  of  diagram  M.  E.  P.)  about  3.4  pounds  per  square  inch.  As  a  check  on  the  accuracy 
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of  these  values,  some  data  on  the  power  required  to  drive  the  water  pumps  of  the  200- horsepower 
Austro-Daimler  aero  engine  were  found  in  Engineering  (London)  of  November  8,  1918,  page  537. 
By  extending  the  curve  through  the  values  there  given,  according  to  the  law  that  the  pump 
power  varies  with  the  cube  of  speed,  it  was  found  that  the  pump  would  require  from  0.14  to 
0.41  pound  per  square  inch  piston  pressure  at  normal  engine  speeds.  This  checks  Mr.  Ricardo’s 
values  of  0.3  to  0.5  pound  per  square  inch.  It  also  demonstrates  that  something  besides  the 
water  pumps  causes  the  F.  H.  P.  to  rise  nearly  with  the  cube  of  the  r.  p.  m.  at  higher  engine 
speeds.  It  probably  means  that  inertia  forces  at  high  speeds  cause  metal- to-metal  contact 
between  piston  and  cylinder.  Inertia  forces  increase  with  the  square  of  the  speed.  Therefore 
the  power  required  to  overcome  friction  from  inertia  forces  will  tend  to  increase  with  the  cube 
of  the  speed,  and  it  may  be  concluded  that  speed  is  more  of  a  factor  than  mean  effective  pressure 
in  determining  friction  of  the  piston. 

The  subject  of  piston  friction  deserves  special  study.  If  it  is  possible  to  relieve  the  pistons 
in  internal-combustion  engines  of  their  function  as  a  crosshead,  it  may  be  possible  greatly  to 
increase  the  mechanical  efficiency  of  the  engine.  Taking  the  friction  losses  in  Table  4  (Ricardo’s 
values),  and  eliminating  the  pumping  losses,  the  bearing,  etc.,  losses  become  about  20  per  cent 
of  the  total,  and  the  piston  friction  about  80  per  cent  of  the  mechanical  losses  of  the  engine. 

Working  upon  the  idea  that  the  brake  torque  might  shed  some  light  upon  the  validity  of 
the  assumption  that  the  friction  horsepower  was  dependent  upon  speed  and  independent  of 
altitude,  and  in  order  to  furnish  a  check  on  the  original  B.  H.  P.  and  I.  H.  P.  curves  for  each 
speed  group,  the  original  data  from  tests  are  plotted  on  plot  22,  “  pounds  pull  on  the  brake 
arm”  versus  r.  p.  m.  This  pull  on  brake  arm  is  numerically  equal  to  the  brake  torque,  times 
a  constant,  and  also  to  the  brake  M.  E.  P.,  times  a  constant.  Curves  were  drawn  through  the 
mean  of  the  points  for  each  test  altitude.  Then,  for  speeds  of  1,300,  1,500,  1,700,  1,900,  and 
2,100  r.  p.  m.,  the  brake  torque  was  read  from  these  curves,  and  plotted  on  logarithmic  cross- 
section  paper,  plot  23,  with  brake  torque  versus  barometric  pressure,  using  a  separate  curve 
for  each  speed.  At  1,500  r.  p.  m.,  the  brake  torque  is  at  its  maximum  for  all  altitudes,  appar¬ 
ently  being  a  straight  line  up  to  about  20,000  feet,  with  a  slope  of  about  1.17  for  its  straight 
portion.  This  means  that  the  brake  torque  and  B.  M.  E.  P.  are  equal  to  a  constant  times  the 
density  of  the  atmosphere  raised  to  (about)  the  1.2  power,  and  is  not  directly  proportional  to 
the  density.  The  brake  torque  at  1,700  r.  p.  m.  is  the  same  as  at  1,500  from  ground  up  to 
20,000  feet,  falling  off  from  proportionality  at  higher  altitudes.  For  1,300  r.  p.  m.  the  brake 
torque  is  slightly  less  than  at  1,500  or  1,700  on  the  ground,  but  maintains,  best  of  all,  the 

relation  , .  , 

B.  m.  e.  p.  =  cons.X  (density  of  atmosphere)  1-2 

even  up  to  30,000  feet.  At  this  altitude  1,300  r.  p.  m.  gives  greater  torque  than  1,700  r.  p.  m. 
and  nearly  equal  to  1,500  r.  p.  m.  The  1,900  r.  p.  m.  torque  is  nearly  as  great  as  the  torque 
of  1,300  r.  p.  m.  when  on  the  ground,  but  at  15,000  feet  it  begins  to  fall  away  from  the  (density)1’2 
relation.  The  brake  torque  at  2,100  r.  p.  m.  perhaps  starts  out  by  varying  with  (density)1'2, 
but  follows  it  only  to  about  12,000  feet,  when  it  decreases  more  and  more  rapidly  as  the  density 
is  decreased. 

From  fundamental  facts,  the  indicated  mean  effective  pressure  upon  the  piston  must  be 
almost  proportional  to  the  density  of  the  air  except  for  changes  in  the  carburetion.  The  indi¬ 
cated  mean  effective  pressure,  minus  the  mean  effective  pressure  required  to  overcome  the 
friction  losses,  gives  the  brake  mean  effective  pressure.  Plot  23  seems  to  show  the  brake  mean 
effective  pressure,  for  a  given  constant  speed,  to  be  a  combination  of  straight  line  at  relatively 
high  densities  of  air  with  a  curve  dropping  downward  for  the  lower  densities.  Perhaps  the 
straight  line  is,  in  truth,  not  straight,  but  a  curve,  so  slight  as  to  appear  straight  within  the 
accuracy  of  the  cross-section  paper  and  data  as  used  here.  If  these  are  really  curves,  then  it 
is  incorrect  to  assume  that  the  brake  mean  effective  pressure  varies  with  the  density  of  the 
atmosphere  raised  to  a  certain  power.  If  it  is  a  curved  line,  then  the  relation  may  be  an 
equation  of  the  form  T  M  g  p.  _  p  M  E.  P.  _  g  M.  E.  p. 

in  which  F.  M.  E.  P.  may  be  a  constant  for  any  given  speed. 
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It  is  the  belief  of  the  writer,  based  on  the  fundamental  laws  and  on  the  data  here  pre¬ 
sented,  that  this  latter  form  is  very  close  to  the  truth,  i.  e.,  that  the  friction  mean  effective 
pressure  is  practically  a  constant  for  a  given  speed  and  independent  of  the  altitude.  Plots 
22,  23,  and  24  are  comparable  with  the  log  curves  of  power  versus  barometer  for  the  several 
speed  groups.  But  the  B.  H.  P.  of  plots  1,  4,  7,  10,  and  13  are  replaced  by  brake  torque  in 
plot  22.  As  this  is  a  slightly  different  method  of  attack  and  is  carried  out  independently,  it 
tends  to  confirm  the  belief  in  the  correctness  of  the  original  assumption. 

In  order  to  present  these  results  in  the  usual  form,  the  characteristic  curves  of  torque 
versus  speed  for  different  altitudes  are  given  on  plot  24.  Again  this  shows  the  maximum  torque 
on  the  ground  and  up  to  10,000  feet  altitude  to  be  at  about  1,600  r.  p.  m.  occurring  at  slightly 
lower  speeds  as  the  altitude  increases  (around  1,500  r.  p.  m.  at  30,000  feet).  The  actual  loss 
of  brake  torque  (B.  M.  E.  P.)  on  the  ground,  due  to  increasing  the  speed  from  1,800  to  2,100 
r.  p.  m.,  is  twice  that  when  at  30,000  feet  altitude.  On  a  percentage  basis,  the  loss  at  ground 
for  this  speed  change  is  about  6  per  cent.  The  loss  at  30,000  feet  is  about  10  per  cent.  Using 
values  of  indicated  torque  (I.  M.  E.  P.)  read  from  the  curves  of  plot  21,  a  loss  of  about  5  per 
cent  of  the  indicated  torque  at  1,800  r.  p.  m.  results  from  increasing  the  speed  to  2,100,  both 
on  the  ground  and  at  30,000  feet  altitude.  Perhaps  it  is  a  little  more  at  30,000  feet  than  at  the 
ground. 

V.  GAIN  OF  POWER  THROUGH  INCREASE  OF  SPEED. 

The  change  of  power  due  to  a  change  of  speed,  at  different  altitudes,  is  a  subject  that  has 
been  previously  noted  several  times.  These  relations  will  now  be  taken  up  again  in  connection 
with  Table  5  and  plots  28  and  29. 

Taking  the  I.  H.  P.  and  B.  H.  P.  values  in  Table  1,  the  gain  of  power  was  tablulated  in 
Table  5  for  an  increase  of  200  r.  p.  m.  from  1,300  to  1,500,  from  1,500  to  1,700,  etc.,  at  each  of 
the  altitudes  previously  used.  These  gains  of  power  are  also  shown  as  percentages  of  the 
power  at  the  lower  of  the  two  speeds. 

It  also  seemed  desirable  to  collect  all  of  the  original  constant  speed  curves  showing  the 
relation  of  horsepower  and  altitude  (Table  1  and  plots  1,  4,  7,  10,  and  13)  onto  one  sheet,  and 
to  present  them  on  ordinary  instead  of  logarithmic  scaling.  This  is  done  on  plot  28,  the  ordi¬ 
nates  of  which  are  I.  II.  P.  and  B.  H.  P.,  distances  upon  which  are  directly  proportional  to 
horsepower  (arithmetic  scaling).  By  using  relative  density  of  the  atmosphere  an  abscissae 
(density  at  ground  equals  unity)  the  I.  H.  P.  relations  become  straight  lines  passing  through 
zero  power  at  zero  density.  The  B.  H.  P.  relations  are  nearly  straight  lines,  curving  slightly, 
and  apparently  showing  no  power  delivered  when  the  density  of  atmosphere  becomes  about 
one-tenth  of  that  at  the  ground.  It  may  be  remarked  that  the  curvature  of  these  B.  H.  P. 
versus  density  curves  is  exaggerated  (to  the  eye)  when  plotted  upon  logarithmic  cross-section 
paper  (compare  with  plots  1,  4,  7,  10,  and  13).  The  curvature  upon  plot  28  is  hardly  noticeable. 

A  scale  of  altitudes  in  feet  is  superposed  upon  the  relative  density  scale.  Altitudes  of  5,000, 
10,000,  15,000,  20,000,  25,000,  and  30,000  feet  are  also  shown  as  abscissae.  They  are  loga¬ 
rithmically  spaced,  such  spacing  being  due  to  the  relation  between  barometric  pressure  and 
altitude. 

The  temperature  of  the  atmosphere  for  these  tests  was  nearly  constant.  In  actual  flight 
the  temperature  changes  with  the  altitude.  A  change  of  temperature  not  only  affects  the 
density  of  the  air,  but  it  may  also  affect  carburetion.  In  so  far  as  it  alters  the  density  it  is 
equivalent  to  a  change  of  altitude.  By  the  use  of  density  instead  of  altitude  in  plotting  curves 
of  engine  performance,  the  temperature  effects  are  accounted  for  except  as  they  change  engine 
performance  through  carburetion  or  engine  cooling. 

The  curves  of  plot  28  show  graphically  the  fact  that  an  increase  of  200  r.  p.  m.  means  a 
much  greater  gain  of  power  at  the  lower  speeds  than  at  the  higher,  for  any  altitude.  They  also 
show  that  as  the  altitude  increases  a  smaller  power  gain  is  secured  for  the  same  speed  change. 
These  gains  are  tabulated  in  Table  5,  and  plotted  as  curves  (or  straight  lines)  .on  plot  29.  Using 
percentages  instead  of  horsepower,  plot  30  shows  graphically  the  values  of  Table  5.  At  30,000 
feet  it  is  noted  that  a  gain  of  2  B.  H.  P.  made  on  increasing  speed  from  1,700  to  1,900  r.  p.  m., 
167080— S.  Doc.  307, 65-3 - 35 
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and  1  B.  H.  P.  from  1,900  to  2,100.  It  has  been  noted  that  between  1,500  and  1,700  r.  p.  m. 
the  engine  is  most  efficient.  At  the  higher  altitudes  the  gains  are  relatively  very  small  for  an 
increase  of  speed  above  1,700  r.  p.  m.  The  percentage  increase  of  B.  H.  P.  for  an  increase  of 
speed  from  1,700  to  1,900  or  from  1,900  to  2,100  r.  p.  m.  is  smaller  and  smaller  as  the  altitude 
increases,  showing  the  effect  of  the  constant  friction  torque  at  a  given  speed  upon  the  power 
output,  as  the  weight  of  charge  decreases  with  the  density  of  the  atmosphere  combined  with 
he  more  rapid  increase  of  friction  torque  due  to  increase  of  speed  at  higher  speeds  (plot  26). 
From  1,300  to  1,700  the  friction  torque  apparently  decreases  with  increase  of  speed.  This  is 
the  reason  why  the  per  cent  increase  of  B.  H.  P.  due  to  increasing  the  speed  from  1,300  to  1,500, 
and  from  1,500  to  1,700  r.  p.  m.  is  nearly  constant,  as  is  indicated  in  Table  5.  Altitude  does 
not  change  the  per  cent  increase  of  indicated  horsepower  when  speed  is  raised  from  one  definite 
rate  to  another. 

VI.  EFFECTS  OF  CHANGE  OF  DENSITY  AND  SPEED  ON  CARBURETION. 

In  studying  the  distribution  of  the  energy  supplied  to  the  engine,  the  heat  accounted  for 
in  the  various  ways,  including  I.  H.  P.  and  friction,  seems  to  follow  rather  simple  relations 
until  the  density  of  the  atmosphere  is  greatly  reduced.  Then  the  relations  apparently  change 
to  some  other  less  simple  law.  This  may  be  due  to  an  incomplete  application  and  understanding 
of  the  fundamental  laws,  or  it  may  be  due  to  difficulties  of  carburetion.  In  an  endeavor  to 
obtain  more  information  on  this  subject,  the  heat  supplied  in  the  fuel  per  unit  time  (this  is 
directly  proportional  to  the  weight  of  fuel  supplied)  was  plotted  against  speed,  using  the 
logarithmically  spaced  coordinates  on  plot  31.  The  values  were  obtained  from  Table  2.  The 
engine  was  operated  with  open  throttle  at  all  times.  The  carburetor  was  adjusted  to  give  the 
best  mixture  for  each  change  of  conditions.  Preliminary  tests  had  been  made  to  determine 
the  best  ignition  timing,  in  which  it  was  found  that  on  the  whole  a  fixed  spark  advance  of  about 
23  degrees  gave  the  best  operating  conditions  at  all  speeds  and  altitudes,  and  that  slight  changes 
hardly  affected  the  results.  The  spark  timing  was  therefore  the  same  for  all  the  tests  here 
considered. 

The  heat  supplied  per  unit  time  was  plotted  on  plot  32  against  relative  density  of  the 
atmosphere.  This  plot  is  the  assembly  of  the  “B.  t.  u.  supplied”  curves  from  plots  3,  6,  9,  12, 
and  15.  The  straight  lines  on  plot  32  are  frankly  drawn  through  the  zero-zero  and  then  swung 
through  this  point  so  as  to  fit  the  other  points  as  well  as  possible.  The  dash  curves  through 
1,300  and  2,100  r.  p.  m.  really  fit  the  data  better.  The  deviation  is  of  the  order  of  about  10 
per  cent  of  the  gasoline  supplied,  which  would  allow  for  a  change  of  mixture  between,  say, 
14  and  15.5  parts  of  air  to  1  of  gasoline  (weight  proportions). 

The  heat  supplied  per  unit  time  (from  Table  2)  was  divided  by  the  revolutions  per  minute, 
and  is  recorded  on  Table  6.  These  values  are  equal  to  a  constant  times  the  weight  of  gasoline 
supplied  per  suction  stroke.  These  values  show  the  effect  of  volumetric  efficiency  in  decrease 
of  charge  with  increase  of  speed  at  any  given  altitude.  The  values  of  the  quotients  of  B.  t.  u. 
by  r.  p.  m.  are  shown  on  plot  33.  Straight  lines  were  drawn  through  the  points  of  zero  density- 
zero  gasoline  and  then  forced  to  fit  the  points  for  1,500  and  for  2,100  r.  p.  m.  The  heavy  curve, 
shown  in  dashes,  is  drawn  through  the  numerical  average  of  the  points  at  each  altitude.  This 
plot  shows,  more  plainly,  the  same  facts  as  plots  31  and  32.  Another  method  of  attacking  this 
problem  is  by  means  of  the  fuel  consumption  per  indicated  horsepower  per  hour,  which  will 
eliminate  the  variable  efficiencies,  both  volumetric  and  mechanical.  Fuel  consumption  curves 
are  given  on  plots  2,  5,  8,  11,  and  14,  and  sometimes  indicate  the  maximum  economy  at  moderate 
altitudes.  As  a  rough  check,  the  average  weight  of  fuel  per  indicated  horsepower  at  each 
altitude,  as  computed  from  Table  1,  is  given  in  Table  6,  and  is  plotted  on  plot  33. 

The  deductions  to  be  drawn  from  plots  31,  32,  and  33  are  as  follows: 

Assuming  100  per  cent  volumetric  efficiency,  the  weight  and  the  volume  of  air  drawn  into 
the  cylinders  should  be  directly  proportional  to  the  speed  of  the  engine.  Also  assuming  a 
constant  weight  proportion  of  gasoline  to  air  for  all  speeds,  the  values  on  plot  31  should  fall  on 
45°  lines.  They  do  not,  but  they  show  a  maximum  of  10  per  cent  more  gasoline  needed  at 
1,300  than  at  2,100  r.  p.  m.  The  change  of  volumetric  efficiency  can  account  for  this,  because 
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of  the  reduction  of  weight  of  air  drawn  in  on  each  suction  stroke  at  the  greater  speeds.  Valve 
timing  (inlet  opening  10°  late  and  closing  50°  late)  and  temperature  effects  may  be  other  con¬ 
tributing  factors. 

If  the  weight  proportion  of  gasoline  to  air  were  constant  at  the  several  altitudes,  then  the 
distances  between  the  plotted  curves  on  plot  31  should  be  equal.  This  follows  from  the  relation 
between  density  and  altitude  that  the  log  of  density  equals  a  constant  minus  another  constant 
times  altitude.  Hence  equal  increments  of  altitude  will  cause  equal  increments  of  log  density. 
The  plotted  curves  of  values  are  not  equally  spaced  for  equal  increments  of  altitude.  As  the 
carburetor  was  adjusted  by  hand  for  each  test,  the  points  indicate  that  the  proper  proportions 
of  gasoline  to  air  are  not  a  constant  when  altitude  is  changed  at  constant  speed.  The  45° 
reference  lines  on  plot  31  are  arbitrarily  drawn  to  pass  through  the  test  points  of  2,100  r.  p.  m., 
and  to  be  equally  spaced,  the  spacing  being  the  distance  between  the  2,100  r.  p.  m.  points  at 
the  lower  altitudes.  This  spacing  is  too  great  for  the  results  shown  at  the  higher  altitudes. 
It  has  been  noted  that  the  appearance  of  curves  on  logarithmic  cross-section  paper  are  some¬ 
times  deceptive,  and,  for  this  reason,  plot  33  is  much  better  for  this  side  of  the  problem.  Evi¬ 
dently  the  engineers  making  the  tests  found  that  the  leanest  mixture  could  be  used  at  around 
15,000  feet,  and  greater  weight  proportions  of  gasoline  to  air  were  necessary  at  the  other  altitudes. 
Again,  this  change  is  of  an  order  of  magnitude,  generally  much  less  than  10  per  cent.  Too 
much  reliance  should  not  be  placed  upon  the  indications  or  tendencies  shown  on  this  plot  and 
the  two  preceding  ones.  The  remarkable  features  are  the  consistency  with  which  the  carburetor 
was  adjusted  at  the  beginning  of  each  test.  It  is  probable  that  the  peculiarities  of  heat  dis¬ 
tribution  at  high  altitudes  are  not  entirely  due  to  carburetion. 
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Table  1. — Averaged  test  data  and  remits. 


BRAKE  HORSEPOWER  (from  curves). 
[From  plots  1  to  15,  inclusive,  22  and  23.) 


Speed 

(R.P.M.) 

Altitude. 

Com¬ 

puted. 

Ground. 

5,000 

feet. 

10,000 

feet. 

15,000 

feet. 

20,000 

feet. 

25,000 

feet. 

30,000 

feet. 

1,500 

179 

146 

119 

96.7 

78.6 

63.5 

50.3 

1,700 

202 

165 

134 

109 

89 

71.6 

56.3 

1,900 

215 

177 

144 

117 

94.6 

75 

58.2 

2,000 

228 

185.5 

150 

122 

97 

78 

59.3 

“INDICATED”  HORSEPOWER  (from  curves). 


1,300 

164.5 

137 

114 

95.2 

80 

66.7 

55.2 

1,500 

195 

162 

134.5 

112 

93.8 

78.3 

65 

1,700 

218 

181 

150.5 

125 

105 

87.6 

73 

1,900 

236 

197.3 

164.3 

136.8 

114.8 

95.6 

79.7 

2, 100 

253 

212 

176 

146 

122 

102 

85.2 

FRICTION,  ETC.,  HORSEPOWER  (for  altitudes,  by  difference). 


1,300 

13.1 

13.1 

13.1 

13.1 

13.1 

13.1 

13.1 

13.1 

1,500 

16 

16 

15.5 

15.3 

15.2 

14.8 

14.7 

14.7 

1,700 

16 

16 

16.5 

16 

16 

16 

16.7 

16 

1,900 

21 

20.3 

20.3 

19.8 

20.2 

20.6 

21.5 

20.3 

2, 100 

25 

26.5 

26 

24 

25 

24 

25.9 

24.8 

MECHANICAL  EFFICIENCY  (B.H.P.+I.H.P.). 


1,300 

92 

90.4 

88.5 

86.3 

83.6 

80.2 

74.4 

1,500 

91.8 

90.1 

88.6 

86.3 

83.8 

81 

77.3 

1,700 

92.6 

91.2 

89.1 

87.2 

84.8 

81.7 

77.1 

1,900 

91 

89.7 

87.6 

85.6 

82.4 

78.4 

73 

2, 100 

90 

88 

85.8 

83.2 

80 

76 

70.  5 

BRAKE  TORQUE  (relative  B.M.E.P.)  (from  curves). 
(Pounds  pull  at  21  inch  radius.) 


1,300 

350 

284 

228 

183 

150 

121 

98 

1,500 

359 

292 

233 

188 

154 

124 

99 

1,700 

359 

292 

233 

188 

153 

123 

97 

1,900 

345 

280 

225 

183 

148 

118 

92 

2, 100 

330 

267 

215 

172 

139 

109 

S3 

INDICATED  TORQUE XCONSTANT  (relative  I.M.E.P.)  (I.H.P.-s-R.P.M.). 


1,300 

1,265 

1,054 

876 

732 

615 

513 

424 

1,500 

1,300 

1,080 

896 

746 

626 

522 

434 

1,700 

1,282 

1,064 

886 

735 

618 

515 

430 

1,900 

1,242 

1,038 

865 

720 

604 

503 

420 

2, 100 

1,205 

1,010 

838 

695 

581 

486 

406 

FRICTION,  ETC.,  TORQUE  XCONSTANT  (relative  F.M.E.P.)  (friction,  etc.,  H.P.+R.P.M  ) 


1,300 

1,500 

1,700 

1,900 

2, 100 

107 

98 

94 

107 

118 

. 

FUEL  CONSUMPTION  (Lbs.  per  B.H.P.  per  hour)  (from  curves). 


1,300 

0.515 

0.520 

0.528 

6.  540 

0.560 

0.594 

0. 649 

1,500 

.500 

.510 

.520 

.527 

.546 

.580 

.635 

1,700 

.503 

.510 

.518 

.529 

.549 

.572 

.610 

1,900 

.512 

.522 

.534 

.551 

.575 

.605 

.650 

2, 100 

.525 

.535 

.550 

.572 

.598 

.635 

.690 

FUEL  CONSUMPTION  (Lbs.  per  I.H.P.  per  hour). 
(Computed  from  B.  H.  P.  consumption  and  mechanical  efficiency.) 


1,300 

0. 474 

0.  470 

0. 468 

0. 466 

0. 468 

0.477 

0. 484 

1,500 

.459 

.460 

.461 

455 

.458 

.470 

.491 

1,700 

.466 

.465 

.461 

.461 

.465 

.467 

.470 

1,900 

.465 

.468 

.468 

.471 

.474 

.474 

.475 

2,100 

.473 

.471 

.472 

.476 

.479 

.483 

.487 
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Table  2. — Averaged  heat  distribution,  data  and  results. 
[From  plots  1  to  15,  inclusive.] 

B.  T.  U.  SUPPLIED  IN  FUEL,  PER  UNIT  TIME  (from  curves). 


Speed 

(R.P.M.) 

Altitude. 

Ground. 

5,000 

feet. 

10,000 

feet. 

15,000 

feet. 

20,000 

feet. 

25,000 

feet. 

30,000 

feet. 

1,300 

1,500 

1,700 

1,900 

2,100 

28,800 

32.300 

26. 300 

39.300 
43,000 

23,400 

26,900 

29.700 
32,600 

35. 700 

18,800 

22,300 

24,150 

27,050 

29,700 

15,400 

18,500 

20,000 

22,700 

24,600 

12,800 
15,4.50 
16,800 
19. 100 
20, 500 

11,000 

12,900 

14,400 

16,250 

17,000 

9,800 

10, 800 
12,600 
13,900 

14, 400 

FRICTION,  ETC.,  LOSSES,  B.  T.  U.  (computed). 


1,300 

595 

500 

580 

570 

580 

585 

645 

1,500 

680 

690 

660 

670 

670 

650 

650 

1  700 

705 

695 

720 

695 

695 

700 

727 

1,900 

920 

880 

880 

850 

870 

900 

935 

2,100 

1,150 

1,142 

1,130 

1,130 

1,185 

1, 105 

1 , 095 

EXHAUST  LOSSES,  B.  T.  U.  (from  curves). 


1,300 

12,600 

10,300 

8,350 

1,500 

15,000 

12,200 

9,850 

1,700 

17,750 

14,400 

12, 550 

1,900 

19,300 

15,700 

12,700 

2, 100 

20,800 

17,140 

14,010 

6,750 

5,530 

4,540 

3,660 

7,950 

6,500 

5,300 

4,300 

9,400 

7,640 

6,230 

5,050 

10,300 

8,450 

6,850 

5,600 

11,240 

9,020 

7,060 

5,470 

JACKET  LOSSES,  B.  T.  U.  (from  curves). 


1,300 

5,000 

4,660 

4,330 

4,020 

3,750 

3,490 

3,230 

1,500 

5, 950 

5.400 

4,900 

4,400 

4,000 

3,600 

3,250 

l'  700 

6^  400 

5, 870 

5,350 

4,920 

4.560 

4,250 

4, 000 

1,900 

6,400 

5,950 

5,550 

5. 150 

4,830 

4,490 

4,200 

2,100 

7,740 

6,780 

5,940 

5,160 

4,610 

4,250 

4, 030 

B.  T.  U.  IN  B.  H.  P.  (from  curves). 


1,300 

1,500 

1,700 

1,900 

2,100 


5,850 
7.700 
8;  770 
9,400 
10,320 


5,550 

6,320 

7,170 

7,670 

8,360 


4,470 

5,200 

5,850 

6.230 

6,680 


.3,600 

2, 940 

2,365 

1,865 

4,230 

3,470 

2,790 

2,230 

4,740 

3,880 

3,110 

2,4,50 

5;  050 

4,100 

3,250 

2, 530 

5,290 

4, 145 

3,285 

2,620 

B.  T.  U.  IN  I.  H.  T.  (B.  T.  U.  in  B.  H.  P.-s-moch.  eff.+100). 


1,300 
1,500 
1,700 
1,900 
2, 100 


7,445 

8,380 

9,475 

10.320 

11,480 


6,140 

5,050 

4,170 

3, 520 

2,950 

7,010 

5, 860 

4,900 

4, 140 

3,440 

7,865 

6,570 

5,435 

4,575 

3,808 

8,550 

7,110 

5,900 

4,970 

4,150 

9,600 

7,810 

6,420 

5,310 

4,390 

2,510 

2,880 

3,177 

3,465 

3,715 


THERMAL  EFFICIENCY  ON  I.  H.  P.  (computed). 


1,300 
1,500 
1,700 
1,900 
2, 100 


25  9 

26.2 

26.9 

27.1 

27.5 

26.8 

25.6 

26.0 

26.2 

26.2 

26.5 

26.8 

26.7 

26.6 

26.2 

26.5 

27.2 

27.2 

27.2 

26.4 

25.2 

25.3 

26.3 

26.3 

26.0 

26.0 

25. 5 

24.9 

26.7 

26.6 

26.3 

26. 1 

25.9 

25.8 

25.8 

THERMAL  EFFICIENCY  ON  B.  H.  P.  (B.  T.  U.  in  B.  H.  P.X100+B.  T.  U.  supplied). 


1,300 

23.8 

23.7 

23.7 

23.4 

23.0 

1,500 

23.8 

23.5 

23.3 

22.8 

22.  5 

1,700 

24.1 

24.2 

24.2 

23.7 

23.1 

1,900 

23.9 

23.5 

23.0 

22.2 

21.  4 

2, 100 

24.5 

23.5 

22.5 

21.5 

20.  5 

21.5 

21.6 
21.6 
20.0 
19.4 


19.1 
20.6 
19.5 

18.2 
18.3 
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Table  2. — Averaged  heat  distribution ,  data  and  results — Continued. 


FRICTION,  ETC.,  LOSSES  (per  cent). 


Speed 

(R.P.M.) 

Altitude. 

Ground. 

5,000 

leet. 

10,000 

15,000 

20,000 

25,000 

30,000 

feet. 

feet. 

feet. 

feet. 

feet. 

1,300 

2.1 

2.5 

3.1 

3.7 

4.5 

5.3 

6.6 

1,500 

2.1 

2.7 

2.9 

3.6 

4.3 

5. 1 

6.0 

1.700 

1.9 

2.3 

3.0 

3.5 

4.2 

4.9 

5.8 

1.000 

2.4 

2.8 

3.3 

3.8 

4.6 

5.5 

6.7 

2, 100 

2.7 

3.2 

3.8 

4.6 

5.2 

6.5 

7.6 

EXHAUST  LOSSES  (per  cent). 


1,300 

43.8 

44.0 

44.5 

43.9 

43.2 

41.3 

37.4 

1,500 

46.5 

45.4 

44.2 

43.0 

42.1 

41.  1 

39.8 

1,700 

48.9 

48.5 

47.8 

47.0 

45.5 

43.3 

40. 1 

1.900 

49.2 

48.2 

47.0 

45.4 

44.3 

42.2 

10.4 

2, 100 

48.4 

48.0 

47.2 

45.7 

44.0 

41.5 

38.0 

JACKET  LOSSES  (per  cent). 


1  300 

17.4 

19.9 

23.0 

26.1 

29.3 

31.8 

33.0 

1,500 

18.4 

20.0 

22. 0 

23.8 

25.9 

27.9 

30.  1 

1,700 

17.6 

19.8 

22.2 

24.6 

27.2 

29.5 

31.7 

1,900 

16.3 

18.3 

20.5 

22.7 

25.3 

27.6 

30.2 

2,  100 

18.0 

19.0 

20.0 

21.0 

22.5 

25.0 

28.0 

PER  CENT  HEAT  ACCOUNTED  FOR  (B.  H.  P.+frict.+exh.+jkt.). 


1,300 

87.1 

90.1 

94.3 

97.1 

100.0 

99.9 

96. 1 

1,500 

90.8 

91.6 

92.  1 

93.2 

94.8 

95.7 

96.5 

1,700 

92.  5 

94.8 

97.2 

98.8 

99.9 

99.3 

97.0 

1,900 

91.8 

92.8 

93.8 

94.1 

95.6 

95.3 

95.5 

2, 100 

93.6 

93.7 

93.  5 

92.8 

92.2 

92.4 

91.9 

Table  3. — Friction ,  etc.,  horsepower  and  friction,  etc.,  mean  effective  pressure 
v  M.  E.  P.  equals  a  constant  times  torque). 

[To  accompany  pis.  25,  26,  and  27.) 


3a.  Class  B  war  truck  engine 
(computed  from  mechanical 
efficiency  and  I.  H.  P. 
curves,  p.  212,  Automotive 
Industries,  Jan.  23, 1919). 

3b.  Hispano-Suiza  airplane 
engine  (computed  from  me¬ 
chanical  efficiency,  etc., 
values  given  in  Table  1  of 
this  report). 

R.P.M. 

F.H.P. 

F.M.E.P. 

(pounds 

per 

square 

inch). 

R.P.M. 

F.H.P. 

F.M.E.P. 

(pounds 

per 

square 

inch). 

300 

400 

500 

600 

700 

800 

900 

1,000 

1,100 

1,200 

1.16 

1.45 

1.75 

2.28 

2.72 

4.02 

5.03 

6.15 

7.60 

9.35 

7.20 

6.85 

6.52 

7.10 

7. 24 
9.36 
10.40 
11.45 
12.86 
14.50 

1,300 

1,500 

1,700 

1,900 

2,100 

13.1 

14.7 
16.0 
20.3 

24.8 

11.1 

10.8 

10.4 

11.8 

13.1 
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Table  4. — Friction  losses. 

[Abstracted  and  computed  from  Engineering  (London).) 

[To  accompany  pis.  25, 26,  and  27.  J 

“HIGH-SPEED  INTERNAL  COMBUSTION  ENGINES,”  H.  R.  RICARDO,  MAY  24,  1918,  PAGE  588. 

For  petrol  engines,  losses  are  about: 

1.  — Bearings,  etc .  1.  8  pounds  per  square  inch  of  piston  area. 

2.  — Piston  friction .  7.  2  Do. 

3.  — Fluid  pumping  loss -  3. 4  Do. 

Total .  12.  4  Do. 

Brake  M.  E.  P .  118  Do. 

Mechanical  efficiency. .  90.6  per  cent. 


1. — Losses  due  to  bearings,  auxiliaries,  etc.: 

(a)  Bearings . 

( b )  Valve  gear . 

(c)  Magneto . 

(a)  Oil  pump . 

(e)  Watpurap . 

Total . 


0.  75-1.  00  pounds  per  square  inch  of  piston  area. 
.  75-  .  80  Do. 

.  Oh-  .  10  Do. 

.  15-  .  25  Do. 

30-  .50  Do. 


2.  00-2.  65 


2. — Piston  friction: 

Largest  single  item;  due  to  reciprocating  motion,  contaminated  oil,  etc.;  extent,  proportional  to  thrust  on 
walls,  indirectly  to  rubbing  velocity  and  area.  Empirical  formula  for  which  is: 


Piston  friction = 


Mean  fluid  pressure  2  X  mean  inertia  pressure 
4  +  3 


10 


-Constant. 


Constant  varies  from  1.5  to  4  pounds  per  square  inch  of  piston  area. 

3. — Fluid  pumping  losses: 

Range =2. 3  pounds  per  square  inch  at  100  feet  per  second  gas  velocity;  to  9.2  pounds  per  square  inch  at  24,  < 
feet  per  second.  (About  as  cube  of  gas  velocity  or  R.  P.  M.) 

“the  200-HORSEPOWER  AUSTRO- DAIMLER  AERO  ENGINE,”  NOV.  8,  1918,  PAGE  539. 

Power  required  for  water  pump. 


1 

1 

I  Pump 
R.P.M. 

British 
gallons 
per  min* 
ute,  2 
lbs.  per 
sq.  in. 
head. 

Horse¬ 
power 
delivered 
by  pump. 

Horse¬ 
power 
demand 
by  pump, 
if  effi- 
cieney= 
50  per 
cent. 

Engine 

R.P.M. 

1,000 

12 

0.0168 

0.034 

528 

1,200 

21 

.0294 

.060 

633 

1,400 

30 

.0419 

.084 

740 

1,600 

37 

.0517 

.103 

845 

1,800 

43 

.0601 

.120 

950 

Extending  curve  on  assumption  that  pump  power  varies  with  cube  of  speed. 


Engine 
R.P.  M. 

Engine 

horse¬ 

power. 

B.M.E.P. 

Pump  demand 
(2-pound  delivery). 

Pump  demand 
(6-pound  delivery). 

PumpM.  E.P.  1 

! 

Horse¬ 

power. 

Por  cent. 

Horse¬ 

power. 

Per  cent. 

2-pound 

delivery. 

6-pound 

delivery. 

i 

1,300 

186 

123.5 

0.210 

0.113 

0. 48 

0.137 

0.139 

0.164 

1.400 

200 

123.3 

.236 

.118 

.56 

.28 

.146 

.345 

1,500 

212 

122 

.266 

.125 

.66 

.313 

.153 

.38 

Leoo 

222 

119-7 

.293 

.132 

.76 

.343 

.158 

.41 
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Table  5. — Gain  of  power  through  increase  of  speed. 

[To  accompany  Pis.  29  and  30.] 

INCREASE  OF  B.  H.  P.  (from  values  in  table  1). 


Change  of  R.  P.  M. 

Altitude. 

From— 

To — 

Ground. 

5,000  feet. 

10,000 

feet. 

15,000 

feet. 

20,000 

feet. 

25,000 

feet. 

30,000 

feet. 

1,300 

1,500 

27.6 

22.1 

18.1 

14.6 

11.7 

9.9 

8.2 

1,500 

1,700 

23 

19 

15 

12.3 

10.4 

8.1 

6.0 

1,700 

1,900 

13 

12 

10 

8 

5.6 

3.4 

1.9 

1,900 

' 

2,100 

13 

8.5 

6 

5 

2.4 

3 

1.1 

PER  CENT  INCREASE  OF  B.  H.  P.  (H.  P.  at  lower  speed =100  per  cent). 


1,300 

1,500 

18 

18 

18 

18 

18 

18 

19 

1,500 

1,700 

13 

13 

13 

13 

13 

13 

12 

1,700 

1,900 

6 

7 

7 

7 

6 

5 

3 

1,900 

2, 100 

6 

5 

4 

4 

3 

4 

2 

INCREASE  OF  I.  H.  P.  (from  values  in  table  1). 


1,300 

1,500 

30.5 

25 

20.5 

16.8 

13.8 

11.6 

9.8 

1,500 

1,700 

23 

19 

16 

13 

11.2 

9.3 

8 

1,700 

1,900 

18 

16.3 

13.8 

11.8 

9.8 

8 

6.7 

1,900 

2, 100 

17 

14.7 

11.7 

9.2 

7.2 

6.4 

5.5 

* 

PER  CENT 

INCREASE  OF  I. 

H.  P.  (H 

P.  at  Jower  speed = 

100  per  cent). 

1,300 

1,500 

18 

18 

18 

18 

17 

17 

18 

1,500 

1,700 

12 

12 

12 

12 

12 

12 

12 

1,700 

1,900 

8 

9 

9 

9 

9 

9 

9 

1,900 

2, 100 

7 

7 

7 

7 

6 

7 

7 

Table  6. — Relative  amounts  of  energy  supplied  per  stroke. 

[To  accompany  pis.  31,  32.  and  33.] 

B.  T.  U.  SUPPLIED  IN  FUEL  PER  UNIT  TIME  DIVIDED  BY  R.  P.  M.  (values  from  table  2 


Speed 
(r.  p.  m.). 

Altitude. 

Ground. 

5,000 

feet. 

10,000 

feet. 

15,000 

feet. 

20,000 

feet. 

25,000 

feet. 

30.000 

feet. 

1,300 . 

1,500 . 

1,700 . 

1,900 . 

2,100 . 

Average. 

22.14 

21.50 

21.35 

21.4 

20. 48 

18.00 

17.95 

17.45 

17.15 

17.00 

14. 46 
14.86 
14.20 
14.23 
14.14 

11.85 

12.33 

11.76 

11.95 

11.71 

9.85 

10.30 

9.88 

10.55 

9.  76 

8.46 
8.60 

8.47 
8.56 

8. 10 

7.53 

7.20 

7. 41 

7. 32 
6.86 

21.4 

17.5 

14.4 

11.9 

10.1 

8.4 

7.3 

FUEL  CONSUMPTION,  LBS.  PER  I.  H.  P.  PER  HOUR  (averaged  from  table  1). 


Average. 

0. 467 

0.467 

0. 466 

0.466 

0.469 

0. 474 

0. 4S1 
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APPENDIX. 

RESULTS  OF  THE  TESTS  USED  AS  A  BASIS  FOR  THIS  REPORT. 

2,100  R.  P.  M. 


Test  No. 

Barom¬ 

eter. 

B.t.  u. 
in 

exhaust. 

B.  t.u. 
in 

jacket. 

B.t.  U. 
in 

B.H.  P. 

B.  t.  u. 
supplied. 

B.H.  P. 

Fuel  con¬ 
sumption 
Lb./B. 
H.P./hr. 

99- A  .... 

62.0 

14,980 

6,690 

7,650 

32,900 

177.6 

0.536 

B.... 

it 

12,450 

6,710 

7,770 

35,180 

177.9 

.552 

49.9 

12,730 

6,375 

6,140 

29,500 

139.5 

.599 

C . 

t 1 

13,000 

6,520 

6,275 

29,520 

142.7 

.573 

I).... 

37.6 

8,670 

6,210 

4,450 

22,450 

100.3 

.629 

it 

9,340 

5,530 

4,450 

21,900 

100.4 

.600 

E  . . . . 

25.7 

5,130 

4,290 

2,675 

15,920 

60.6 

.742 

F.... 

ti 

5,940 

4,890 

2,682 

15,210 

60.6 

.692 

100-A _ 

61.9 

16,645 

6,510 

8,070 

33,880 

184.5 

.525 

B.... 

it 

15,810 

6,610 

7,690 

32,200 

178.5 

.519 

49.8 

13,408 

7,015 

6,195 

25,100 

143.0 

.502 

C . 

it 

13,260 

6,610 

6,210 

27,120 

143.3 

.542 

D.... 

37.5 

9,240 

5,410 

4,540 

21,480 

103.9 

.587 

it 

9,515 

5,960 

4,480 

19,960 

102.7 

.553 

E.... 

25.5 

5,580 

4,805 

2,635 

16,110 

60.0 

.759 

tt 

5,720 

4,725 

2,575 

14,150 

58.7 

.681 

101 -A 

62.1 

7,700 

184.1 

a 

16,550 

7,700 

7,600 

33,650 

179.5 

.549 

B.... 

a 

14',  480 

5,410 

7,200 

35,780 

176.8 

.617 

a 

18,750 

6,960 

7,920 

35,200 

184.0 

.552 

C . 

it 

17,450 

6,930 

7,760 

32,700 

180.0 

.526 

I).... 

44.9 

12,840 

4,730 

5,820 

26,140 

133.2 

.558 

E.... 

it 

12,620 

3,685 

6,050 

25,180 

137.9 

.516 

F.... 

37.8 

9,340 

4,895 

4,300 

20,980 

97.4 

.606 

ti 

8,910 

4,300 

4,2.50 

17,740 

95.6 

.517 

G.... 

ti 

9,510 

4,000 

4,270 

19,520 

97.1 

.570 

H.... 

26.0 

6,570 

4,960 

2,630 

14,180 

59.5 

.673 

I . 

it 

8,470 

5,910 

2,590 

13,130 

58.9 

.629 

J . 

tt 

6,220 

5,240 

2,545 

13,900 

58.0 

.678 

105-A _ 

62.1 

16,360 

5,760 

7,770 

30,040 

177.8 

.492 

B.... 

25.8 

7,445 

5,165 

2,800 

12,405 

63.8 

.567 

C . 

25.9 

6,719 

5,378 

2,817 

13,095 

64.2 

.576 

T> .... 

«  ( 

6,579 

4,928 

2,738 

13,040 

62.4 

.598 

E.... 

37.7 

9,720 

6, 135 

4,489 

18,830 

102.8 

.527 

¥.... 

ti 

10,030 

6, 135 

4,462 

18,710 

102.3 

.517 

Q.... 

it 

10, 170 

6,428 

4,515 

17,810 

102.5 

.503 

H. . . . 

50.2 

15:370 

9, 140 

6, 100 

24,510 

139.0 

.513 

I . 

tt 

13,099 

6,536 

6,150 

26,260 

140.5 

.530 

J . 

it 

14,500 

5,760 

6, 199 

26, 120 

140.9 

.529 

K 

62  3 

7,774 

35,310 

177.7 

.572 

L.... 

it 

15,805 

7,208 

8,005 

34,940 

183.0 

.541 

106-A _ 

62.1 

16,930 

6,330 

7,850 

33,540 

177.6 

.528 

B.... 

it 

31,410 

164.8 

.543 

49.8 

13,560 

5,684 

5,915 

27,070 

135.0 

.565 

C . 

tt 

13,610 

5,854 

5,935 

28,500 

135.1 

.604 

J) . . . . 

37.6 

9,800 

5, 140 

4,370 

20,880 

99.5 

.589 

44 

97.6 

E.... 

25.7 

6, 100 

4,239 

2,488 

15,145 

56.6 

.752 

F.... 

<4 

6|  338 

4,235 

2,548 

13,400 

58.3 

.662 

61.9 

17,285 

5,975 

7,600 

36,110 

173.8 

.598 

110-A. ... 

25.7 

4,750 

4,040 

2,517 

15,655 

58.9 

.771 

B.... 

44 

4, 910 

3,960 

2,294 

15,450 

53.8 

.847 

C . 

37.6 

7,490 

4,985 

4,515 

23,180 

103.2 

.635 

44 

7,490 

5,345 

4,610 

23,590 

105.7 

.632 

D.... 

44 

7,055 

4,700 

4,490 

23,450 

102.8 

.656 

E . . . 

49.8 

10,015 

5,975 

6,241 

31,740 

144.8 

.627 

F.... 

44 

10,796 

6,503 

6,035 

31,200 

139.3 

.650 

0.... 

61.9 

11,895 

6,095 

7,943 

35,040 

185.5 

.544 

H 

181.5 

.569 

j 

37.5 

<  4 

103.2 

.599 

102.9 

j 

44 

101.8 

,60i 

ft 

101.8 

.607 

lll-A. .. 

25.7 

6,200 

4,330 

2,920 

14,400 

67.1 

.609 

B... 

44 

6,090 

4, 185 

2,990 

14,300 

68.3 

.584 

C.... 

37.6 

8,930 

5,235 

4,395 

20,420 

100.4 

.575 

D... 

44 

8,925 

5,535 

4,650 

21,350 

106.2 

.559 

E... 

tt 

9,015 

5,170 

4,535 

24,580 

103.8 

.670 

49.95 

11,503 

5,680 

6,320 

28,300 

144.5 

.553 

F... 

tt 

11,400 

5,660 

6,390 

28,000 

145.9 

.534 

G... 

61.9 

14; 650 

6,080 

7,880 

34,020 

180.8 

.534 

it 

14,760 

6,150 

8,180 

35,930 

187.8 

.544 

H... 

it 

14, 180 

5,780 

8,190 

34,020 

188.7 

.502 

tt 

14,215 

5,850 

8, 130 

34,650 

185.5 

.521 
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Results  of  the  tests  used  as  a  basis  for  this  report — Continued. 

1,900  R.  P.  M. 


Test  No. 

Barom¬ 

eter. 

B.  t.  u. 
in 

exhaust. 

B.t.  U. 
in 

jacket. 

B.  t.  u. 
in 

B.  H.  P. 

B.  t.  U. 
supplied. 

B.H.  P. 

Fuel  con¬ 
sumption 
Lb./B. 

H.  P./hr. 

90-A _ 

62.0 

14,700 

6,085 

7,380 

32,000 

172.0 

0.541 

B.... 

ti 

11,800 

6,420 

7,470 

32,600 

170.8 

.533 

49.9 

11,700 

6,110 

5,930 

27,300 

134.9 

.574 

C . 

tt 

11,770 

5,985 

6,040 

26,620 

137.3 

.537 

D.... 

37.6 

8,310 

5,405 

4,290 

22, 300 

97.6 

.647 

tt 

9,550 

4,965 

4,345 

21,060 

98.0 

.591 

E.... 

25.7 

5,540 

4,300 

2,5S0 

16,000 

58.3 

.774 

tt 

5,450 

4,365 

2, 648 

15,050 

59.8 

.695 

100- A .... 

61.9 

15,620 

5,785 

7, 660 

32, 770 

176.8 

.530 

B.... 

tl 

16,655 

6, 240 

7,450 

30,890 

172.0 

.513 

48.8 

11,950 

5,930 

6,040 

26,790 

138.6 

.551 

C . 

ti 

11,755 

5,885 

5,885 

25,500 

134.9 

.537 

37.5 

8,747 

5,240 

4,210 

18,935 

96.6 

.  55S 

D.... 

It 

8,395 

5,120 

4,250 

21,500 

97.5 

.627 

E.... 

25.5 

5,966 

4,425 

2,635 

13,200 

60.0 

.621 

tt 

5,323 

4,205 

2,580 

16,850 

58.8 

.812 

101-A _ 

62.1 

15,280 

6,635 

7,210 

29,200 

170.1 

.502 

B.... 

tt 

15,500 

6,270 

7,050 

32,  640 

168.2 

.573 

C . 

tt 

16,000 

6,530 

7,410 

30, 150 

170.9 

.508 

D.... 

49.9 

14, 620 

5,940 

5,925 

24, 200 

136. 0 

.510 

it 

13,080 

5,830 

5, 610 

24,950 

127.9 

.521 

E . . . . 

it 

12, 200 

5,980 

5,760 

23,830 

131.8 

.513 

F.... 

37.8 

9,480 

5,440 

4, 130 

18,080 

93.7 

.543 

it 

9,200 

5,130 

4,100 

17,700 

92.9 

.536 

G.... 

tt 

8,910 

5,340 

4,120 

18, 220 

93.1 

.552 

H.... 

26.0 

5,920 

4,310 

2,590 

13,260 

58.5 

.  639 

I . 

it 

5,940 

4,515 

2, 562 

12,100 

58.1 

.587 

it 

5,800 

4,500 

2,568 

12, 170 

58.3 

.589 

J . 

tt 

5,810 

4,420 

2,505 

12,840 

57.0 

.637 

105- A.... 

62.1 

16, 130 

6,655 

7,760 

29,120 

177.8 

.479 

L.... 

62.3 

15,735 

7,100 

7,705 

33,895 

176.8 

.545 

K.... 

it 

14,710 

6,838 

7,450 

30,630 

172.3 

.517 

J . 

50.2 

12,440 

6, 260 

5,915 

22,780 

135.  6 

.481 

I . 

it 

11,890 

6,314 

5,874 

23,605 

134.0 

.498 

tt 

5  867 

25,410 

134.0 

.  536 

H.... 

tt 

12,000 

6,302 

5,822 

25,390 

132.5 

.556 

G... 

37.7 

9,550 

6,568 

4,214 

16,700 

96.2 

.506 

F.... 

ti 

9,260 

6, 540 

4,214 

18,820 

96.0 

.551 

ti 

9,790 

6, 660 

4,154 

16, 545 

98.0 

.494 

E.... 

tt 

10,170 

6,038 

4,160 

16, 660 

95.2 

.504 

D.... 

25.9 

6,045 

4,552 

2,681 

12, 055 

61.2 

.565 

C . 

tt 

6,000 

4,680 

2,710 

14,740 

61.7 

.673 

tt 

5,785 

4,521 

2,666 

11,960 

61.2 

.556 

B.... 

25.8 

6,065 

4,880 

2,769 

14, 990 

65.4 

.692 

tt 

6,045 

4,734 

2,755 

12, 180 

62.8 

.564 

106- A _ 

62.1 

16,420 

5,875 

7,470 

31,400 

169.0 

.519 

B . . . . 

tt 

32,510 

162.8 

.569 

49.8 

13, 275 

5, 588 

5,704 

23; 970 

130.5 

.519 

C . 

tt 

11,900 

5, 295 

5,327 

26,300 

121.9 

.621 

D.... 

37.6 

8,835 

4,800 

4,200 

19,545 

95.7 

.574 

tt 

8, 160 

4,279 

4,010 

19,425 

91.7 

.610 

E.... 

25.7 

5,680 

3,880 

2,496 

18, 440 

56.6 

.912 

it 

5,341 

3,770 

2,524 

14, 250 

57.7 

.712 

F.... 

29.8 

11,111 

5,091 

5,498 

26, 180 

125.0 

.600 

61.9 

15,940 

5,896 

7,485 

30,620 

170.5 

.516 

1 10- A _ 

25.7 

4,580 

3,694 

2,572 

14,100 

60.4 

.679 

B.... 

ti 

4,470 

3,644 

2,392 

16,200 

55.9 

.855 

ft 

4,730 

3,644 

2,350 

14,070 

54.6 

.753 

C . 

37.6 

6,965 

4,680 

4,380 

20, 400 

100.1 

.575 

tt 

5, 190 

4,335 

3, 620 

20,800 

82.8 

.711 

tt 

6,930 

4,740 

4,375 

20,090 

100.3 

.567 

D.... 

ft 

6,935 

4,506 

4,305 

21,200 

98.6 

.614 

E.... 

49.8 

9,170 

5,345 

6,019 

28, 640 

138.7 

.588 

F.... 

tt 

8,975 

4,890 

5, 865 

28,200 

134.9 

.604 

0.... 

61.9 

11,215 

5,688 

7,510 

32,720 

174.7 

.539 

II... 

tt 

11,497 

5, 630 

7,450 

22,500 

.174.7 

.549 

I . 

37.5 

99.5 

.621 

ii 

97.9 

tt 

98.5 

.487 

J . 

ti 

97.5 

.503 

111-A . . . . 

25.7 

5,550 

4, 035 

2,830 

13,300 

65. 1 

.582 

B.... 

ti 

5,535 

4,040 

2,860 

13,510 

65.4 

.575 

C . 

37.6 

8,250 

4,880 

4,330 

19,570 

99.0 

.559 

D.... 

tt 

8,375 

4,855 

4,435 

19,740 

101.1 

.541 

E.... 

49.96 

11,140 

5,300 

6,010 

26,260 

137.2 

.  5139 

F. . 

tt 

10,530 

5,290 

6,060 

29,850 

138.5 

.599 

tt 

10,900 

5,310 

6,020 

25,640 

137.8 

.519 

G.... 

61.9 

14,550 

5,990 

7,580 

29,460 

173.3 

.480 

ti 

13, 800 

5,740 

7,660 

30,390 

175.2 

.490 

II.... 

it 

14,080 

5,905 

7,800 

32, 430 

178.9 

.506 

tt 

13,710 

5, 860 

7,760 

31,030 

177.8 

.487 
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Results  of  the  tests  used  as  a  basis  for  this  report — Continued. 

1,700  R.  P.  M. 


Test  No. 

Barom¬ 

eter. 

B.t.  u. 
in 

exhaust. 

B.  t.  u. 
in 

jacket. 

B.  t.  U. 
in 

B.H.P. 

B.  t.  u. 
supplied. 

I 

B.H.P.  s 
I 

99- A _ 

62.0 

13,550 

5,810 

6,940 

28,630 

161.3 

B..  . 

it 

13,900 

6,110 

7,010 

30, 550 

166.9 

49.9 

10,720 

5,590 

6,575 

24,600 

127.0 

C. . .. 

if 

10,550 

5,470 

5,480 

26,070 

124.9 

37.6 

7,420 

4,S60 

4,055 

19,630 

92.4 

D .... 

ii 

7,780 

4,  S35 

4, 050 

18, 680 

91.5 

E.... 

25.7 

5,070 

3,900 

2, 532 

14,280 

57.2 

a 

5,022 

4, 010 

2,511 

13,780 

56.8 

100-  A.... 

61.9 

14, 740 

5, 730 

7,190 

29, 710 

165.8 

it 

13,810 

5,760 

7, 040 

30,420 

162.2 

B.... 

49.8 

11,760 

5,640 

5,530 

23,090 

126.7 

C . 

ft 

10,525 

5,370 

5,510 

23,800 

126.0 

37.5 

7,555 

4,915 

4,020 

18,455 

92.2 

D.... 

{( 

8,020 

4,795 

3,940 

16, 756 

90.0 

E.... 

25.5 

5,318 

4,220 

2,475 

12,065 

57.5 

a 

5,008 

3,805 

2,468 

12,575 

56.5 

101- A.... 

62.1 

15,840 

6,240 

6, 650 

26,990 

156.6 

B.... 

<< 

15, 750 

6,200 

6, 600 

29, 050 

157.0 

C . 

if 

14',  750 

5,990 

6,910 

28,770 

159.5 

49.9 

12;  490 

5,420 

5,440 

21,900 

124.9 

D.... 

ft 

II)  380 

5,330 

5,230 

21,980 

118.7 

E.... 

ft 

Hi  950 

5, 700 

5,330 

21,400 

121.7 

37.8 

8,430 

4,890 

3, 950 

16, 470 

89.5 

F.... 

ft 

7,870 

4,460 

3,810 

16,950 

86.3 

G.... 

fi 

7,530 

4,555 

3,8S0 

16,290 

87.7 

H.... 

26.0 

5, 450 

4,075 

2,470 

12,090 

55.6 

I . 

ft 

5,245 

4,000 

2,392 

11,420 

54.4 

J . 

if 

5;  190 

4,320 

2,358 

12,240 

53.7 

105- A.... 

62.1 

14,500 

6,240 

7,078 

26,090 

162.0 

L . . . . 

62.3 

14,170 

6,390 

7,038 

29,305 

161.2 

K 

if 

13  950 

6, 592 

5,961 

136. 6  . 

K  .  . 

ft 

14,010 

6,392 

6,959 

27,250 

159. 0 

J . 

50.2 

10,988 

5,814 

5,510 

20, 540 

125.5 

I-  .  . 

fi 

10, 605 

5,912 

5,440 

24,360 

124.0 

H  ... 

ff 

IE  595 

6,281 

5,361 

23,510 

122.2 

G  .... 

37.7 

8,750 

6,242 

3,987 

15,535 

90.4 

F.... 

If 

8,782 

6, 441 

3,S62 

15,640 

88.0 

E.. 

ii 

-  9,725 

4,842 

3,907 

15,860 

89.0 

I) .. 

25.9 

5,292 

4, 218 

2,474 

14,310 

56.3 

ii 

5, 438 

4,353 

2,531 

11,650 

57.7 

C . 

ii 

5,265 

4,239 

2,515 

12,040 

57.3 

B.... 

ii 

8,837 

4,355 

2,605 

11,350 

59.3 

106-A--  . 

62.1 

13,940 

5,319 

6,684 

30,200 

151.4 

ii 

14,840 

5,415 

7,138 

29,120 

161.2 

B.. 

ii 

13,840 

5,315 

6,825 

30,310 

154.1 

49.8 

11,451 

4,821 

5,288 

20,600 

120.7 

C  . 

ii 

5, 200 

22,500 

118.9 

37.5 

7,798 

4,317 

3,905 

19,780 

89.0 

D.... 

ii 

7,548 

4,358 

3,727 

21,450 

84.1 

E . ... 

25.7 

5,150 

3,904 

2,552 

13, 155 

55. 5 

a 

5,080 

3,436 

2, 333 

12, 560 

53.3 

F.... 

a 

5,100 

3,528 

2,378 

14,250 

54.4 

110-H _ 

61.9 

10,720 

5,380 

7,022 

29,560 

162.6 

G .. 

ii 

10,455 

5,285 

6,930 

29,680 

162.3 

F... 

49.8 

8,350 

4,710 

5, 560 

24,970 

127.8 

E.... 

ii 

9,080 

5,085 

5,693 

24,360 

130.2 

D.. 

37.6 

6,235 

4, 137 

4,090 

19,030 

93.8 

C.... 

ii 

6,590 

4,360 

4,160 

19,000 

94.9 

J _ 

it 

91.3 

x 

it 

95.9 

a 

90.9 

A ... 

25.7 

4,240 

3,440 

2,526 

13,215 

59.2 

B... 

ii 

4,150 

3,418 

2,366 

13,325 

55.3 

111-E... 

61.9 

12,640 

5,470 

7,205 

27,340 

165.1 

i» 

12,500 

5,320 

7,180 

27,060 

164.4 

G... 

it 

12,500 

5,620 

7,000 

28,120 

160.0 

F... 

49. 95 

10,690 

5, 184 

5,720 

23,090 

130.3 

E.. 

ii 

10,040 

4,955 

5,500 

22,  720 

125.4 

it 

10, 110 

5,060 

5,640 

22, 620 

128.9 

ii 

9,890 

4,850 

5,590 

22, 970 

126.5 

D... 

37.6 

7,675 

4,590 

4,130 

17,660 

94.3 

C.... 

ii 

7,565 

4,415 

4,010 

17,850 

91.4 

B... 

25.7 

5, 150 

3,810 

2,685 

12, 190 

61.5 

A... 

it 

5,030 

3,740 

2,660 

| 

12,500 

61.2 

Lb./B. 
~  P./hr. 


0. 508 
.531 
.551 
.579 
.603 
.562 
.703 
.668 

.513 

.535 

.517 

.536 

.569 

.528 

.605 

.631 

.501 

.546 

.519 

.502 

.506 

.492 

.516 

.552 

.524 

.611 

.590 

.644 

.485 

.516 


.492 

.468 

.555 

.560 

.498 

.500 

.511 

.728 

.578 

.593 

.556 

.558 

.503 

.559 

.481 

.544 

.625 

.733 

.663 

.678 

.755 

.531 

.529 

.565 

.528 

.585 

.564 

.546 

.568 

.508 

.647 

.708 

.461 

.459 

.496 

.491 

.511 

.495 

.511 

.521 

.550 

.552 

.580 
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Results  of  the  tests  used  as  a  basis  for  this  report — Continued. 

1,500  R.  P.  M. 


Test  No. 

Barom¬ 

eter. 

B.  t.  u. 
in 

exhaust. 

B-  t 
in 

jacket. 

B.t.  u. 
in 

B.  H.  P. 

B.  t.  u. 
supplied. 

B.  H.  P. 

Fuel  con¬ 
sumption 
Lb./B. 
H.  P./hr. 

99- A _ 

62.0 

10,270 

5,495 

6,205 

23,100 

144.0 

0.464 

ff 

145.1 

ft 

11,730 

5,498 

6,255 

27,060 

144.0 

.528 

B.... 

49.9 

9,300 

5,100 

5,005 

20,700 

114.0 

.515 

C . 

it 

9,120 

5, 125 

5,605 

21,820 

113.7 

.532 

37.6 

6,410 

4,670 

3,600 

15,920 

82.2 

.551 

D.... 

ff 

6,840 

4,320 

3,625 

16,050 

82.0 

.540 

E.... 

25.7 

4,390 

3, 504 

2,334 

12,550 

52.7 

.671 

f  f 

4,390 

3,525 

2, 265 

12,100 

51.3 

.651 

100- A _ 

61.9 

13,230 

5,900 

6,490 

25,220 

150.0 

.482 

f  f 

11,570 

5,000 

6,180 

27,650 

142.2 

.555 

B.... 

49.8 

9,779 

4,975 

4,930 

20,905 

113.0 

.526 

C . 

ft 

9,501 

4,875 

4,990 

21,720 

115.5 

.541 

37.5 

6,538 

4,270 

3,528 

20,280 

80.9 

.713 

D.... 

ff 

7, 178 

4,270 

3,575 

14,495 

81.8 

.503 

25.5 

4,518 

3,210 

2,265 

10,800 

51.9 

.591 

E.... 

it 

4,634 

3,470 

2,230 

10, 970 

50.8 

.610 

101-A _ 

62.1 

13,300 

5, 490 

6,010 

26,410 

142.5 

.546 

ft 

13, 240 

5,750 

5,980 

24, 410 

141.5 

.507 

B.... 

ft 

11,510 

5,390 

5,850 

32,300 

138.1 

.684 

it 

12,950 

5,460 

5,900 

25,200 

137.0 

.529 

C . 

ft 

12, 590 

5,430 

5,990 

25,450 

137.3 

.529 

49.9 

11,040 

4,950 

4,850 

21, 030 

111.0 

.541 

D.... 

ff 

10,410 

5,020 

4,870 

18,860 

110.8 

.536 

ff 

10,260 

4,955 

4,830 

19,680 

109.9 

.522 

E.... 

ff 

9,780 

5,200 

4,785 

18, 740 

107.5 

.486 

37.8 

6,730 

4,055 

3, 585 

15, 100 

81.2 

.523 

F.... 

ft 

5, 660 

3,590 

3,470 

15,750 

78.7 

.563 

G.... 

ff 

6,115 

5,620 

3,480 

15, 640 

79.0 

.561 

6,670 

4,595 

3,460 

14, 720 

78.0 

.531 

H.... 

26.0 

4,840 

3,725 

2,245 

11,020 

50.7 

.613 

tf 

4,510 

3,620 

2,200 

11,210 

50.0 

.633 

I . 

4,550 

3,675 

2,150 

11,480 

48.8 

.665 

4,320 

3,684 

2,161 

11,380 

49.2 

.653 

105-A .... 

62.1 

12,440 

5,580 

6,290 

27,880 

144.0 

.566 

11,910 

5,443 

6,000 

139.0 

63.2 

IE  560 

5,531 

6^  300 

28,490 

144.5 

.577 

ff 

11, 825 

5,580 

6,260 

24,290 

143.2 

.494 

L. ... 

11,960 

5,920 

6,280 

26, 495 

144.5 

.521 

K.... 

ff 

11,770 

5,540 

6,118 

140.0 

it 

11,310 

5, 645 

6,199 

28, 220 

141.5 

.572 

J  ... 

50.2 

9,390 

5, 162 

4,923 

19,560 

112.0 

.499 

I . 

9, 100 

5,160 

4,846 

22,540 

110.8 

.576 

H-... 

10,040 

5,112 

4,840 

22,060 

110.0 

.583 

9,820 

5, 199 

4,850 

21,430 

110.5 

.564 

G.... 

37.7 

6,160 

5,582 

3,523 

14,160 

80.2 

.513 

F.... 

7,050 

4,840 

3,479 

79.3 

it 

7, 270 

4,563 

3'  533 

14,440 

80.5 

.506 

E.... 

8,599 

4,842 

3,479 

14, 145 

79.2 

.511 

D.... 

25.9 

4,577 

3,720 

2,241 

10,875 

51.2 

.609 

C . 

4,360 

3,678 

2,284 

11,080 

52.1 

.599 

B.... 

7,439 

3, 760 

2,320 

10,920 

53.4 

.601 

106- A _ _ 

62.1 

12, 290 

4,915 

6,325 

28,020 

143.1 

.547 

f  f 

12,  OSO 

4,873 

6,191 

26,500 

140.2 

.539 

B.... 

49.8 

9,382 

4,230 

4,861 

22, 190 

111.2 

.563 

U 

9,680 

4,495 

4,695 

25,800 

107.3 

.692 

37.5 

6,230 

3,761 

3,523 

15,850 

80.2 

.556 

D.... 

f  ( 

7, 105 

4,274 

3,500 

16, 710 

79.8 

.602 

E.... 

25.7 

4,235 

3,198 

2,238 

12,280 

50.7 

.678 

ft 

4,339 

3,250 

2,206 

13,165 

50.5 

.753 

H.... 

61.9 

9,230 

5,132 

6, 175 

25,280 

143.0 

.516 

G.... 

f  f 

9, 095 

4,940 

6,143 

25,250 

142.6 

.508 

F.... 

49.8 

7, 135 

4,276 

5,110 

22, 780 

117.4 

.560 

E.... 

i  l 

7,670 

4,625 

5,240 

21, 640 

119.8 

.510 

D.... 

37.6 

5,670 

3,894 

3,784 

16,870 

86.7 

.561 

C . 

ff 

5,960 

3,930 

3,750 

16,680 

85.5 

.550 

I . 

85.8 

.499 

J . 

tf 

81.9 

.528 

B.... 

25.7 

3,545 

3,050 

2,344 

12,380 

54.5 

.665 

3,694 

3,090 

2,275 

11,700 

53.3 

.636 

111-H. . .  - 

61.9 

10,930 

4,935 

6,390 

25,090 

146.0 

.477 

G.... 

tf 

10, 840 

5,060 

6,080 

25, 750 

138.5 

.523 

it 

10, 420 

4,860 

6,200 

25,350 

141.2 

.506 

F.... 

49.95 

8,980 

4,695 

5,070 

20,480 

115.8 

.486 

E.... 

ff 

8,480 

4,500 

4,870 

21,080 

111.0 

.535 

D.... 

37.6 

6,475 

4,190 

3,695 

15,650 

84.1 

.515 

C . 

ff 

6,300 

4,100 

3,525 

15,220 

80.4 

.532 

B.... 

25.7 

4,530 

3,380 

2,432 

10,795 

55.8 

.540 

A.... 

ff 

4,450 

3,380 

2,380 

10,650 

55.1 

.551 
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Result*  of  the  tests  used  as  a  basis  for  this  report — Continued. 


1,300  R.  P.  M. 


Test  No. 

Barom¬ 

eter. 

B.t.  U. 
in 

exhaust. 

B.  t.  U. 
in 

Jacket. 

B.  t.  U. 
in 

B.  H.  P. 

B.  t.  u. 
supplied. 

B.  H.  P. 

99- A . 

62.0 

8,950 

3,770 

5,250 

26,200 

122.0 

ti 

10,800 

4,740 

5,210 

23,880 

120.7 

B.... 

49.9 

7,610 

4,660 

4,210 

17,620 

96.2 

C . 

<4 

7,690 

4,440 

4,225 

18,470 

96.3 

37.6 

5,800 

4,040 

3,030 

13,030 

69.1 

D.... 

44 

5,060 

2,686 

3,010 

13, 140 

68.0 

25.7 

3,680 

3,360 

1,695 

9,860 

44.4 

E.... 

4  4 

3,650 

3,265 

2,000 

10,280 

45.1 

100-A 

61.9 

5,570 

128.5 

44 

9,660 

4,635 

5;  320 

23,990 

122.6 

B.... 

49.8 

8,225 

4,415 

4,200 

17,020 

96.5 

44 

7,792 

4,340 

4,255 

18, 225 

98.0 

C . 

37.5 

5,345 

3,695 

3,030 

15,760 

69.6 

D.... 

4  4 

5,708 

3,780 

3,024 

12,615 

69.1 

25.5 

4, 150 

3,260 

1,968 

10,560 

45.0 

E.... 

44 

4,390 

2,790 

1,892 

7,148 

43.3 

101-A.. . . 

62.1 

10,880 

5,120 

5,110 

19,990 

120.9 

B _ 

44 

10,480 

4,740 

4,890 

20,100 

116.3 

c . 

44 

10,890 

4,880 

5,260 

21,700 

120.5 

49.9 

8,280 

4,345 

4,130 

17,070 

97.1 

D... . 

44 

8,410 

4,320 

4,130 

17,400 

93.9 

E.... 

44 

8,140 

4,620 

4, 160 

17,390 

94.9 

37.8 

5,900 

4,040 

3,010 

13,940 

68.6 

F.... 

44 

6,180 

3,870 

2, 970 

13,950 

67.4 

G.... 

44 

6,460 

4, 560 

2,930 

12, 170 

66.5 

44 

6,940 

4,775 

2,920 

12,720 

65.9 

H.... 

26.0 

4,080 

3,325 

1,940 

8,715 

43.8 

44 

3,840 

3,265 

1,920 

10,200 

43.3 

44 

3,820 

3,220 

1,905 

9,570 

43.1 

I . 

44 

3,570 

3,020 

1,810 

10,700 

41.1 

4< 

3,605 

3,270 

1,845 

9,810 

42.0 

105-A .... 

62.1 

9,750 

4,845 

5,396 

22,860 

122.2 

62.3 

9,925 

5,168 

5,543 

23,100 

127.6 

L.... 

44 

10,605 

5,402 

5,520 

22,020 

126.5 

K.... 

44 

10, 140 

4,960 

5,420 

123.9 

44 

10.020 

5,070 

5,430 

25,580 

124.5 

J . 

50.2 

7,821 

4,624 

4,173 

18,460 

95.4 

I . 

14 

7, 450 

4,547 

4,210 

19,340 

95.8 

H.... 

44 

8,140 

4,512 

4,132 

16,920 

94.2 

44 

7,701 

4,699 

4,166 

18, 180 

95.2 

105-G _ 

37.7 

5,762 

4,055 

3,019 

11,910 

68.8 

F.... 

44 

5,812 

4,235 

3,040 

13,240 

69.3 

E.... 

44 

6,155 

4,101 

2,920 

12,940 

66.5 

D.... 

25.9 

3,740 

3,376 

1,892 

9,560 

43.3 

C . 

44 

3,558 

3,283 

1,932 

9,635 

44.1 

B.... 

44 

6,895 

3,356 

1,980 

9,721 

45.3 

44 

3,737 

3,356 

1,990 

9,920 

44.6 

106- A . . . . 

62.1 

10,290 

4,390 

5,535 

24,560 

125.1 

44 

10,380 

4,537 

5,450 

25,115 

123.3 

B.... 

49.8 

7,585 

3,857 

4,230 

20,745 

96.8 

C . 

44 

8,060 

4,104 

4,067 

17,500 

93.1 

37.5 

5,218 

2,913 

3,104 

16,170 

70.7 

D. . . . 

<4 

6,025 

3,760 

2,988 

14,010 

68.3 

25.7 

3,860 

3,420 

1,945 

9,238 

44.3 

E.... 

44 

3,928 

3,062 

1,873 

11,880 

42.6 

110-H _ 

61.9 

7,992 

4,383 

5,180 

19,770 

119.5 

44 

7,665 

4,330 

5,260 

22,650 

121.2 

H 

44 

121.3 

F..i. 

49.8 

6,320 

3,980 

4,220 

18,450 

97.1 

44 

6,635 

4,050 

4,327 

21,010 

99.2 

44 

6,850 

4,105 

4,486 

19,410 

103.2 

D.... 

37.6 

4,950 

3,480 

3,172 

13,980 

72.6 

j 

44 

69.9 

C . 

44 

4,750 

3,914 

3,136 

13,460 

71.5 

B.... 

25.7 

3,340 

3,024 

1,958 

10,325 

45.8 

A.... 

44 

3,084 

2,676 

1,919 

10,000 

44.9 

lll-H _ 

61.9 

9,290 

4,455 

5,300 

21,800 

121.4 

44 

9,315 

4,340 

5,420 

21,740 

123.7 

G.... 

44 

10,090 

4,380 

5,200 

22,320 

118.6 

F.... 

49.95 

7, 185 

4,050 

4,260 

17,320 

97.5 

E.... 

44 

7,685 

3,990 

4,070 

17,850 

92.9 

D.... 

37.6 

5,625 

3,620 

3, 162 

14,000 

72.4 

5,750 

3,666 

3, 150 

13,170 

72.0 

C . 

44 

5, 100 

3,545 

3,030 

13,080 

69.0 

B.... 

25.7 

3,838 

3,210 

2,095 

9,470 

48.0 

A.... 

44 

3,812 

2,982 

2,042 

9,580 

47.7 

Fuel  con¬ 
sumption 
Lb./B. 
H.  P./hr. 


0.622 

.559 

.522 

.533 

.537 

.533 

.627 

.627 

.488 

.557 

.504 

.531 

.646 

.518 

.666 

.469 

.486 

.509 

.513 

.515 

.483 

.518 

.575 

.582 

.519 

.543 

.560 

.663 

.623 

.734 

.660 

.541 

.531 

.492 


.592 

.556 

.569 

.522 

.557 

.503 

.598 

.557 

.636 

.619 

.627 

.636 

.548 

.580 

.606 

.541 

.643 

.590 

.586 

.799 

.482 

.530 

.491 

.549 

.600 

.535 

.554 

.561 

.530 

.663 

.644 

.500 

.488 

.530 

.492 

.541 

.539 

.510 

.534 

.551 
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POWER  CHARACTERISTICS  OF  FUELS  FOR  AIRCRAFT  ENGINES. 


PART  I. — Power  Characteristics  of  Aviation  Gasoline. 

PART  II. — Power  Characteristics  of  Sumatra  and  Borneo  Gasolines. 
PART  III. — Power  Characteristics  of  20  Per  Cent  Benzol  Mixture. 


PART  I. 

POWER  CHARACTERISTICS  OF  AVIATION  GASOLINES. 

By  H.  C.  Dickinson,  W.  S.  James,  E.  W.  Roberts,  V.  R.  Gage,  and  D.  R.  Harper,  3d. 


r£sum£. 

The  importance  of  securing  the  best  possible  fuel  for  aircraft  engines  led  to  the  testing  of  a 
number  of  fuels  in  the  altitude  laboratory  of  the  Bureau  of  Standards.  The  tests  were  made 
with  the  carbureter  adjusted  by  hand  to  give  maximum  power  with  minimum  fuel  consumption 
for  this  power,  the  engine  operating  with  full  throttle  at  various  speeds  and  under  conditions 
corresponding  to  various  altitudes. 

It  has  been  customary  to  judge  the  “ usability’’  of  a  gasoline  by  its  volatility.  The  meaning 
of  usability  of  a  gasoline  has  often  been,  perhaps  wrongly,  expanded  to  include  the  power 
performance  of  the  engine.  Combining  the  ideas,  the  distillation  curve  of  a  gasoline  has  been 
accepted  by  many  as  a  true  criterion  of  the  power  to  be  obtained  when  using  a  fuel  in  an  engine. 

The  results  of  the  tests  made  at  the  Bureau  of  Standards  indicate  that  the  distillation 
curve  of  a  gasoline  gives  no  indication  of  the  power  that  can  be  obtained  from  an  engine  using 
this  fuel,  when  the  carbureting  conditions  are  suited  to  the  fuel,  and  that  it  is  not  impracticable 
to  attain  these  conditions. 

These  tests  were  made  to  determine  the  gasoline  or  gasolines  giving  maximum  power. 
Analysis  of  the  data  was  made  in  an  endeavor  to  find  the  properties  controlling  the  power- 
producing  ability  of  a  gasoline.  The  question  of  economy  is  not  considered  in  this  report, 
being  deferred  for  a  subsequent  investigation.  The  tests  proved  that  any  of  the  gasolines  used 
can  be  made,  by  proper  “  carbureting,”  to  give  the  same  power  within  a  range  of  the  order 
of  5  per  cent.  It  is  probable  that  the  relative  merits  of  fuels  for  commercial  and  perhaps  some 
war  uses  will  depend  upon  economy  more  than  upon  power  ability. 

Specification  No.  3512  of  the  Bureau  of  Aircraft  Production  for  aviation  gasoline  (export) 
gives  a  satisfactory  fuel.  More  rigid  specifications  apparently  do  not  give  appreciably  better 
power  performance  in  an  engine. 

DESCRIPTION  OF  APPARATUS  AND  OBJECT  OF  TESTS  AND  STUDIES. 

The  following  report  is  based  on  tests  made  in  the  altitude  laboratory  of  the  Bureau  of 
Standards.  The  engine  was  a  Type  A  Hispano-Suiza,  made  by  the  Wrightr-Martin  Aircraft 
Corporation,  New  Brunswick,  N.  J.,  fitted  with  pistons  giving  a  compression  ratio  of  5.3  and 
developing  180  h.  p.  at  1,800  r.  p.  m.  The  eight  cylinders  are  120  mm.  by  130  mm.  (4.725  by 
5.118  inches)  and  are  arranged  in  two  blocks  of  four,  set  at  an  angle  of  90°.  The  intake  mani¬ 
fold  was  the  regular  design,  with  water-jacketed  tee.  The  carbureter  was  a  Claudel  duplex, 
manufactured  in  France,  with  a  valve  between  the  float  chamber  and  the  jets  to  control  the 
amount  of  fuel  supplied.  The  altitude  chamber  has  thermally  insulated  walls.  The  air  may 
be  partially  exhausted  from  the  chamber  by  means  of  a  blower,  reducing  the  barometric  pressure 
to  that  corresponding  to  any  altitude  up  to  30,000  feet.  As  the  air  enters  the  chamber  it  is 
passed  over  a  series  of  refrigerating  coils  which  serve  to  regulate  the  temperature  during  the 
tests.  The  engine  is  coupled  to  an  electric  dynamometer  placed  outside  the  chamber  by 
means  of  which  the  power  of  the  engine  may  be  absorbed  and  measured.  Complete  description 
of  this  apparatus  and  the  methods  of  observation  may  be  found  in  Report  No.  44. 
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The  purpose  of  these  engine  tests  was  to  determine  the  relative  power-producing  values 
of  several  different  kinds  of  gasoline.  Analyses  of  the  data  obtained  have  been  made  to  cor¬ 
relate  the  results  of  these  tests  with  some  of  the  physical  and  chemical  properties  of  the  gasolines. 
The  results  of  these  studies  show  that  the  properties  considered  are  not  the  ones  which  exert 
the  major  control  of  the  power-producing  qualities  of  a  gasoline.  The  physical  properties 
which  were  considered  were  the  distillation  curves,  the  heating  values,  the  densities,  the  magneto¬ 
optical  rotations,  and  the  critical  solution  temperatures  with  aniline.  The  chemical  properties 
were  much  less  carefully  studied,  because  of  the  considerable  time  required  for  chemical  analyses. 

SPECIFICATION  FOR  AVIATION  GASOLINES. 

Following  is  a  brief  summary  of  the  specifications  for  the  various  gasolines  as  issued  by 
the  Bureau  of  Aircraft  Production  1918,  for  several  types  of  aviation  gasolines: 

Aviation  gasoline  (domestic),  Specification  No.  351 1-B. 

Aviation  gasoline  (export),  Specification  No.  3512. 

Aviation  gasoline  (fighting),  Specification  No.  3513. 

In  these  specifications  certain  requirements  were  given  to  insure  freedom  from  acid  and 
other  impurities,  these  requirements  being  identical  for  each  grade.  In  the  requirements 
for  volatility  and  distillation  range,  the  specifications  vary  in  the  temperature  limits  for  the 
various  fractions.  The  following  table  gives  the  temperature  requirements  in  degrees  centi¬ 
grade  as  the  various  percentages  of  the  sample  have  been  recovered  in  the  graduated  receiver: 


Per  cent 
recovered. 

Domestic. 

Export. 

Fighting. 

(K ot  ovftr  75°  O . 

Not  over  65°  O . 

Not  over  75°  C.1 

5 

f.Vot  under  50°  0 . 

Not  under  50°  C . 

Not  under  60°  C. 

50 

V ot  ovp.r  105°  C  . * 

Not  over  95°  C . 

Not  over  95°  C. 

90 

Not,  over  155°  C . 

Not  over  125°  C . 

Not  over  113°  C. 

96 

Not  over  175°  C . 

Not  over  150°  C . 

Not  over  125°  C. 

1  Specification  of  June  27,  1918.  Changed  in  October,  1918,  to  70°  C. 


It  will  be  noted  that  the  higher  temperatire  at  the  5  per  cent  point  in  the  specifications 
for  export  gasoline  is  lower  than  for  fighting  gasoline.  With  this  exception  a  gasoline  that 
will  meet  the  specification  for  fighting  gasoline  will  meet  the  specification  for  either  of  the 
others.  It  will  also  be  noted  that  a  gasoline  distilling  throughout  the  entire  range  at  tem¬ 
peratures  over  50°  C.  and  under  those  specified  would  fill  the  specifications  for  domestic  and 
export,  and  one  in  which  all  fractions  distilled  at  any  temperature  over  60°  C.  and  under  those 
specified  would  comply  with  the  specification  for  fighting  gasoline.  In  other  words,  the  speci¬ 
fications  do  not  provide  for  a  lower  limit  of  temperature  except  for  the  first  5  per  cent.  Atten¬ 
tion  is  called  to  these  points  to  show  the  wide  range  of  gasolines  which  may  be  provided  and 
yet  fulfill  the  requirements  of  these  specifications. 

DESCRIPTION  OF  GASOLINES  USED. 

Ten  gasolines  form  the  subject  of  this  report,  nine  being  compared  in  turn  with  a  standard 
gasoline  as  a  reference  fuel.  Before  describing  these  fuels  in  detail,  a  brief  description  of  their 
general  characteristics  will  be  given.  Two  of  the  fuels,  one  of  them  the  reference  standard,  were 
representative  American  straight  run  gasolines  from  an  eastern  refinery  and  complying  closely 
with  the  specifications  for  export  gasoline.  A  third  followed  closely  the  specifications  for 
fighting  gasoline,  while  two  others  were  slight  variations  of  the  fighting  gasoline.  These 
gasolines,  representing  the  French  aviation  gasolines,  were  imported  from  France,  and  followed 
closely  the  requirements  given  above  for  export  and  fighting  gasolines,  respectively.  Two 
gasolines  representing  the  average  motor  car  gasoline  as  sold  at  automobile  filling  stations 
were  run  as  a  matter  of  comparison.  One  of  these  was  of  eastern  origin,  and  the  other  a  Cali¬ 
fornia  gasoline.  Reference  to  the  distillation  curves  (plot  1)  will  show  that  these  fuels  were 
quite  outside  the  area  covered  by  the  distillation  curves  of  the  aviation  gasolines.  The  num¬ 
bers  employed  to  designate  the  various  fuels  which  were  tested  in  the  progress  of  this  investi- 
167080— S.  Doc.  307,  65-3 - 36 
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gation  are  the  sample  numbers  given  them  by  the  Bureau  of  Mines,  Petroleum  Division,  which 
collaborated  with  the  Bureau  of  Standards  in  selecting  and  securing  samples  for  their  tests 
and  in  making  all  the  analyses  of  these  samples.  They  have  no  other  significance,  except  in 
the  case  of  '‘X”  which  is  the  designation  employed  by  the  Bureau  of  Standards  for  the  refer¬ 
ence  standard,  it  being  the  refinery  abbreviation  for  “Export.”  A  detailed  description  of  the 
various  fuels  follows: 

Standard  X  gasoline  was  manufactured  by  the  Atlantic  Refining  Co.  as  one  of  their  stand¬ 
ard  products.  Two  lots  of  this  fuel  were  employed  in  these  tests,  because  the  supply  of  the 
first  became  exhausted  before  the  series  was  completed.  The  first,  designated  as  “Old  X,” 
complies  with  the  specifications  for  domestic  gasoline,  and  was  employed  as  a  reference  fuel 
when  testing  gasolines  263,  264,  265,  and  266.  The  second,  designated  as  New  X,  complies 
with  the  specification  for  export  gasoline  and  was  employed  as  a  reference  fuel  for  the  remainder 
of  the  gasolines,  namely  185,  191,  261,  262,  and  commercial.  The  distillation  curves  of  these 
two  reference  fuels  are  quite  different,  although  their  mean  volatilities  are  practically  the 
same  and  their  power  characteristics  were  similar.  The  unavoidable  use  of  two  standards 
necessitated  an  indirect  method  of  comparison,  which  is  more  fully  discussed  later. 

In  May,  1918,  the  Bureau  of  Mines  requested  the  Atlantic  Refining  Co.,  of  Philadelphia, 
to  furnish  sundry  grades  of  gasoline  for  examination  and  test.  These  were  to  be  used  for 
•  guidance  in  drawing  specifications  for  the  fighting  grade.  In  compliance  with  this  request, 
the  Atlantic  Refining  Co.  submitted  four  samples  of  100  gallons  each  as  follows: 

Gasoline  No.  264  was  designed  to  represent  as  closely  as  possible  a  gasoline  complying  with 
the  then  existing  specifications  adopted  by  the  Petroleum  War  Service  Committee  in  accordance 
wdth  the  report  on  aviation  gasoline.  These  specifications  were:  5  per  cent  above  50°  C.,  8  per 
cent  below  70°  C.,  50  per  cent  below  90°  C.  and  not  over  3  per  cent  of  the  residue  to  remain  in 
the  flask  at  150°  C.  The  actual  distillation  curve  for  264  is  given  with  the  curves  for  all  the 
others  on  plot  1. 

Gasoline  No.  265  was  prepared  to  comply  with  the  requirements  of  the  then  existing 
specifications  for  the  fighting  grade,  which  were  the  same  as  those  of  specifications  No.  3513, 
excepting  that  the  first  5  per  cent  must  pass  below  70°  C.  instead  of  75°  C. 

Gasoline  No.  263  has  about  the  same  average  boiling  point  as  No.  265,  except  that  it  is 
obtained  from  the  still  within  a  very  narrow  temperature  range.  It  is  what  is  termed  a  70°  C.- 

90°  C.  cut.  It  complies  with  the  requirements  of  Specification  No.  3513  of  the  Bureau  of  Aircraft 
Production,  1918. 

Gasoline  No.  266  is  of  the  same  general  quality  as  the  fighting  grade,  except  that  it  contains 
a  considerably  larger  proportion  of  material  distilling  at  low  temperatures.  This  fuel  complies 
with  the  specifications  for  the  fighting  grade  except  that  the  distillation  temperature  when  the 
first  5  per  cent  has  been  recovered  is  54.5°  C.  instead  of  being  above  60°  C.,  as  required.  Quoting 
from  a  letter  from  the  Atlantic  Refining  Co.  under  date  of  May  23,  1918,  this  gasoline  was  pre^ 
paied  for  the  purpose  of  ascertaining  by  examination  whether  the  specification,  with  respect 
to  light  ends,  has  been  drawn  too  rigidly.  It  is  our  fear  that,  by  making  the  specifications  too 
rigid  in  this  direction,  it  has  resulted  in  decreasing  rather  than  increasing  the  efficiency  of  the 
gasoline.” 

Gasolines  Nos.  261  and  262  were  imported  from  France  and  were  received  at  the  Bureau  of 
Standards  May  21,  1918.  Gasoline  No.  261  was  marked  “Essence  Sumatra,”  denoting  that  it 
was  derived  from  Sumatra  crudes.  This  is  a  gasoline  considerably  used  for  aviation  purposes 
in  France.  It  is  described  quite  fully  in  Part  II  of  this  report,  “Power  Characteristics  of  Sumatra 
and  Borneo  Gasolines.” 

Gasoline  262  was  received  in  containers  marked  “Essence  Legere  de  Borneo.”  It  is  a 
close-cut  gasoline,  approximately  a  70°  C.-900  cut,  and  in  this  feature  similar  to  No*.  263. 

Gasoline  No.  185  is  a  fuel  with  a  very  narrow  distillation  range,  a  60°  C.-70°  C.  cut,  and 
close  end  points.  The  original  distillation,  from  which  the  curve  hi  plot  1  wras  drawn,  shows 
that  the  distillation  temperature  lies  between  60°  C.  and  70°  C.  for  80  per  cent  of  the  sample. 
A  check  distillation  made  from  a  sample  taken  from  the  barrel  several  months  later  shows  over 
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90  per  cent  of  the  sample  lying  between  these  two  temperatures,  with  the  first  5  per  cent  going 
over  at  61°  C.  and  95  per  cent  at  70°  C.  The  check  distillation  brings  the  gasoline  within  the 
requirements  of  the  specification  for  the  fighting  grade,  but  considerably  below  the  required 
temperatures  at  50,  90,  and  96  per  cent.  Gasoline  No.  |85  is,  therefore,  close  to  the  lower 
limit  of  distillation  temperatures  that  will  comply  with  the  requirements  of  Specification  No. 
3513  for  aviation  gasoline  (fighting).  This  is  not  an  inference  that  a  closer  cut  can  not  be  made, 
but  that  No.  185  well  represents  the  lower  extreme  of  the  specification  just  as  No.  261  repre¬ 
sents  the  higher  limit. 

Gasoline  No.  191-A  was  shipped  to  the  Bureau  of  Standards  by  the  Associated  Oil  Co. 
from  Avon,  Calif.  The  sample  used  in  the  test  corresponds  very  closely  in  its  distillation  curve 
with  commercial  gasoline. 

Commercial  gasoline  is  a  fair  sample  of  the  fuel  usually  sold  at  gasoline  filling  stations  and 
is  of  a  lower  grade  (higher  boiling  point)  than  X.  It  was  purchased  under  the  United  States 
General  Supply  Committee’s  specifications  for  1918-19,  as  follows:  Twenty  per  cent  must  not 
distill  under  50°  C. ;  20  per  cent  must  distill  under  105°  C.;  60  per  cent  must  distill  under  140°  C. ; 
90  per  cent  must  distill  under  177°  C.;  “dry  point”  not  above  210°  C. 

PROPERTIES  OF  THE  FUELS. 

DISTILLATION  CURVES. 

Plot  I  shows  the  distillation  curves  of  the  various  gasolines.  The  distillations  were  made 
by  the  United  States  Bureau  of  Mines,  Petroleum  Division,  and  are  in  conformity  with  the 
method  outlined  and  described  in  Bureau  of  Mines  Technical  Paper  No.  214,  entitled  “Motor 
Gasoline,  Laboratory  Methods  for  Testing,  and  Practical  Specifications.”  The  temperatures 
are  observed  after  equal  fractions  are  recovered  in  a  graduated  receiver,  and  the  curves  are 
plotted  with  fractions  of  the  sample  as  abscissae,  and  temperatures  as  ordinates.  The  tem¬ 
peratures  are  noted  after  each  tenth  of  the  sample  is  recovered  in  the  receiver.  For  convenience 
of  reference,  the  limiting  temperatures  denoted  in  the  various  specifications  for  aviation  gasolines 
are  indicated  by  reference  letters. 

Measurements  of  the  properties  of  each  gasoline  are  given  in  Table  I.  The  first  seven  items 
are  those  regularly  noted  by  the  Bureau  of  Mines  in  connection  with  the  determination  of  the 
distillation  temperatures. 


Table  I. — Physical  and  chemical  properties  of  gasolines  tested. 

[Abbreviations:  Arom.=>  Aromatic,  denoting  the  presence  of  benzenes  in  considerable  quantity.  W.  w.= Water  white.  Lt.  br.«=  Light  brown.] 


Old  X. 

New  X. 

185 

191A 

261 

262 

263 

264 

265 

266 

Commer¬ 

cial. 

Color . 

W.  w. 

W.  w. 

W.  w. 

W.  w. 

W.  w. 

W.  w. 

W.  w. 

W.  w. 

W.  w. 

W.  w. 

W.  w. 

Odor . 

0.  K. 

0.  K. 

O.  Kb 

Normal. 

Arom. 

Arom. 

Normal. 

Normal. 

Normal. 

Normal. 

O.  K. 

Specific  gravity . 

Unsaturated1,  per  cent . 

0.  735 

0.713 

0.  681 

0.740 

0.723 

0.725 

0.703 

0.710 

0.701 

0. 692 

0.747 

1.2 

1.8 

1.2 

1.6 

1.5 

1.4 

.60 

.89 

.60 

1.0 

1.4 

Doctor  test  for  sulphur . 

Residue . 

Minus. 

Minus. 
Lt.  br. 

Minus. 
Lt.  br. 

Minus. 

Minus. 

Minus. 

Minus. 

Minus. 

Minus. 

Minus. 

Minus. 

Loss,  percent . 

1.0 

1.5 

0.8 

1.5 

1.8 

2.0 

6.8 

1.4 

i.3 

2.0 

0.5 

Mean  volatility*.  °C . 

97 

95 

67 

117.5 

95 

81 

80 

93 

85.5 

79.0 

121 

Heat  value  (total)b.t.u.  per  lb. 
Critical  solution, temp.8,  °C... 

20,340 

20,645 

61.0 

19, 980 

20,340 
52. 1 

20, 195 
45 

20,320 

20,375 

57.3 

20, 465 
58.4 

20,450 

20, 195 

Magnetic  rotation  *  X  *10 1 . 

2,322 

2,349 

2,524 

2,425 

2,523 

2,271 

2,344 

2,340 

2, 125 

2,533 

1  Unsaturated  compounds,  ethylenes. 

*  Mean  ordinate  of  distillation  curve. 

*  Temperature  of  critical  solution  with  aniline. 

<  Magnetic  rotation  of  green  mercury  light,  figure  is  Verdet’s  constant,  i.  e.,  the  rotation  in  circular  degrees  for  1  centimeter  length  and  1  mag¬ 
netic  line  per  square  centimeter. 

MEAN  VOLATILITY. 

The  mean  volatility  is  determined  by  integration  of  the  distillation  curve  and  determi¬ 
nation  of  the  mean  ordinate  in  terms  of  temperature. 

HEAT  OF  COMBUSTION. 

The  heat  of  combustion  was  determined  at  the  Bureau  of  Standards.  The  apparatus 
employed  was  a  specially  fitted  Junkers  calorimeter.  The  total  or  higher  heat  values  are 
given  in  the  table. 
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CRITICAL  SOLUTION  TEMPERATURE. 

The  critical  temperatures  of  solution  with  aniline  were  determined  at  the  Bureau  of 
Standards.  The  upper  critical  solution  temperature  is  the  highest  temperature  at  which  two 
liquid  layers  can  appear.  A  sudden  clouding  of  the  homogeneous  liquid  takes  place  upon  cooling 
through  this  critical  temperature.  The  subject  is  one  treated  in  standard  works  on  physical 
chemistry.1  As  applied  to  gasoline,  in  connection  with  close  fractionation,  it  gives  an  approxi¬ 
mation  of  the  proportions  of  the  various  chemical  compounds.  Critical  solution  temperatures 
were  determined  for  five  typical  gasolines  among  those  being  investigated. 

MAGNETO-OPTIC  ROTATORY  POWER. 

In  determining  the  properties  of  various  organic  mixtures,  it  has  been  found  that  the 
presence  of  considerable  proportions  of  compounds  of  the  benzene  group  has  a  tendency  to 
increase  the  rotation  of  the  plane  of  polarization,  when  a  beam  of  mono-chromatic  light  is 
passed  through  the  substance,  in  a  strong  magnetic  field.  The  presence  of  the  benzene  group 
has  been  thought,  by  some,  to  be  associated  with  increased  engine  power.  Thus  it  was  a 
conceivable  hypothesis  that  the  magnetic  rotation  might  prove  a  convenient  indicator  of  the 
power-producing  ability  of  the  fuel.  This  hypothesis  seemed  worth  testing,  in  view  of  the 
fact  that  the  apparatus  for  measuring  magnetic  rotation  was  in  operation  at  the  Bureau  of 
Standards  and  this  property  of  the  gasolines  could  be  measured  in  a  few  moments.  Also, 
the  method  has  value  as  an  aid  to  chemical  analysis.  As  forecast  of  an  analysis,  wherever 
equipment  is  available,  it  may  save  much  time  by  indicating  what  substances  to  look  for  and 
what  not  to  expect.  No  definite  connection  between  this  physical  property  and  the  engine 
performance  of  a  gasoline  was  proved. 

The  apparatus  employed  was  a  magnetic  polarimeter  having  a  maximum  field  intensity 
of  50,000  lines  per  square  centimeter,  and  capable  of  being  read  to  one  thousandth  of  a  degree 
of  circular  arc.  The  samples  to  be  tested  are  placed  in  tubes  20  cm.  long.  Through  them  is 
projected  a  polarized  ray  of  monochromatic  light  of  great  intensity  selected  from  the  spectrum 
of  the  light  from  a  quartz  mercury  vacuum  tube  of  special  construction.  By  means  of  a  narrow 
mirror  the  green  (546. 1/xfi)  is  selected  from  the  spectrum  of  the  tube,  and  projected  through  the 
polarimeter.  From  the  rotation,  the  measured  strength  of  the  magnetic  field,  and  the  length 
of  the  sample,  are  obtained  the  values  tabulated. 

For  the  purpose  of  comparison,  the  various  properties  of  the  principal  hydrocarbons 
commonly  found  in  gasolines  are  given  in  Table  II. 

CHEMICAL  COMPOSITION. 

An  effort  was  made  to  determine,  approximately,  the  general  chemical  character  of  the 
gasolines  tested.  The  chemical  determination  of  the  constituents  of  a  gasoline  is  a  long  and 
tedious  process,  and  the  amount  of  work  involved  prevented  such  procedure  at  this  time.  How¬ 
ever,  an  approximate  idea  of  the  nature  of  the  fuel  may  be  had  from  the  characteristics  that  have 
been  determined. 

Gasoline  No.  185  agrees  quite  generally  in  its  general  properties  with  hexane.  The  specific 
gravity  is  but  2  per  cent  higher,  the  mean  volatility  is  just  below  the  boiling  point,  the  critical 
solution  temperature  with  aniline  slightly  higher,  the  heat  of  combustion  is  practically  the  same, 
and  the  magnetic  rotation  slightly  below  that  of  hexane. 

No.  191-A  and  commercial  gasoline  are  not  within  the  range  of  aviation  gasolines. 

Gasoline  No.  262  has  a  low  critical  solution  temperature,  possibly  indicating  napthenes. 
The  mean  volatility  is  the  same  as  the  boiling  point  of  natural  cyclohexane.  The  magnetic 
rotation  of  this  fuel  is  much  higher  than  that  of  hexane,  probably  due  to  the  benzenes  and  the 
higher  members  of  the  naphthene  series. 


1  Findlay,  A.,  Phase  Rule;  Rothmund,  V.,  Solubility. 
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Table  II.— Physical  properties  of  the  chief  constituents  of  gasoline. 


Fr.=  French  Physical  Society  Tables,  1910, 1911, 1912,  and  1913. 

H.  =  Hildebrand  Jour.  Amer.  Chera.  Soc.,  39  (1917),  p.  2126. 

L.  =  Landolt  Bornstein  Physikaliscb  Chemische  Tabellen,  1912  edition. 

01.=  Olsen,  Van  Nostrand  Chemical  Annual,  4th  issue,  1918. 

S.  =  Bureau  of  Standards. 

T.  =Timmermans  Bull.  Soc.  Chem.  Belg.,  1911  and  later  years  (several  papers). 


Name. 


Aromatics . 

Benzene . 

Toluene . 

Xylene-0 . 

Xylene-M . 

Xylene-P . 

Napthenes . 

Cyclopentane . 

Methylcyclopentane 

Dimethylcyclopen- 

tane. 

Cyclohexane . 

Meth  vlcyclohexane. . 

Cycloneptane . 

Methylcycloheptane. 

Cyclooctane . 

Alipb'atics  (saturated)... 

Pentane-normal . 

Isopentane . 

Hexane-normal . 

Isohexane . 

Heptane-normal . 

Isoheptane . 

Octane-normal . 

Isooctane . 

Olefines . 

Amylene-normal  — 
Hexylene-normal — 
Heptylene-normal. . . 
Octylene-normal _ 


Formula. 

Specific  gravity  at 

20°  C. 

Freezing  point, 
°C. 

Boiling  point,  °C. 

Heat  of 
combustion, 
cal./gram. 

Critical 
sol.  temp., 
°C. 

Rotatory 

power. 

g. 

0«TT* 

0  8786  Fr.1(!  _ 

5.6  L . . 

80.2  L . 

10030  S . 

Miscible . 

0.000550  S. 

C?HS 

0.8657  Fr.10 . 

-  94.5  T . 

110.7  T . 

10150  L . 

. do . 

0.000485  S. 

CVFTia 

0  8633  L. 

-  27.1  L . 

141.0  L . 

10229  L . 

CgHjo 

0.8642  L . 

—  54.8  L . 

139.0  T . 

10228  L . 

. do . 

CrHio 

0.8612  L . 

+  15.0  L . 

137.5  L . 

10229  L . 

. do . 

0. 000446  S. 

rhT-r,A 

0  751  L 

Below— 80°  L . 

50.5  L . 

C«Hi9 

11237  L . 

C7HU 

11219  L . 

0  7764  L . 

+  6.40  L . 

80.9  L . 

11217  L . 

31.3  T . 

0.000226  S. 

0  7695  Fr.n  . .  . 

101.0  Fr.  u . 

11151  L . 

41.3  T . 

(0  89.5  at.  o’5  0.)  I, 

(117°  at  743  mm.).. 

10187  1/ . 

Collifi 

V ery  low  L . 
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Gasoline  No.  263  can  be  judged  chiefly  by  its  low  rotatory  power,  which  is  slightly  greater 
than  that  of  pentane.  Being  an  American  gasoline,  a  large  proportion  of  napthenes  would  not 
be  expected.  Benzenes  might  raise  the  rotation.  It  would  appear,  perhaps,  to  be  a  mixture 
rich  in  pentane. 

Gasoline  No.  264  may  be  judged  first  from  its  magnetic  rotation  and  second  from  its  critical 
solution  temperature,  both  of  which  approach  those  of  hexane.  Its  mean  volatility  and  specific 
gravity  would  indicate  an  admixture  of  a  considerable  proportion  of  heptane  and  a  small  amount 
of  octane.  If  pentane  is  present,  it  perhaps  forms  an  exceedingly  small  percentage  of  the  whole. 

Gasoline  No.  265,  if  judged  solely  from  its  physical  characteristics,  would  appear  to  be  of 
much  the  same  constitution  as  No.  264.  It  has  a  slightly  lower  rotation,  and  lower  mean 
volatility  than  No.  264,  but  the  critical  solution  temperature  is  higher.  Examination  of  the 
distillation  curve,  however,  shows  that  it  has  a  much  larger  proportion  of  lower  boiling  point 
constituents,  and  approaches  in  this  respect  very  closely  to  No.  266.  On  account  of  its  low 
power  characteristics,  the  physical  characteristics  of  this  fuel  should  be  particularly  noted. 

Gasoline  No.  266  would  appear  from  its  low  magnetic  rotation  to  be  particularly  rich  in 
pentane.  This  is  confirmed  in  a  measure  by  its  comparatively  low  mean  boiling  and  the  general 
character  of  the  distillation  curve. 

METHODS  OF  TESTING. 


The  engine  was  operated  in  reduced  pressures,  corresponding  to  four  different  altitudes 
varying  slightly  in  the  different  tests  but  averaging  approximately  as  follows: 

5,350  feet  (62.5  cm.  Hg.) 

11,000  feet  (50.8  cm.  Hg.) 

19,000  feet  (38.0  cm.  Hg.) 

25,500  feet  (25.8  cm.  Hg.) 

and  at  five  different  speeds  at  each  altitude:  1,300,  1,500,  1,700,  1,900  and  2,100  r.  p.  m.  The 
carbureter  was  adjusted  by  hand  for  each  test  to  secure  the  maximum  horsepower  for  that 
particular  speed,  altitude,  and  fuel,  with  the  leanest  possible  mixture  for  maximum  power.  Ihe 
method  of  adjustment  employed  was  as  follows:  The  carbureter  was  first  set  to  secure  the 
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maximum  possible  brake  pull  regardless  of  fuel  consumption.  The  fuel  supply  was  then 
diminished  until  the  brake  pull  was  reduced.  Then  the  gasoline  flow  was  increased  gradually 
until  the  brake  pull  reached  the  maximum  obtained  in  the  preliminary  trial. 

In  these  tests  the  engine  was  run  at  the  various  speeds  at  one  barometric  pressure  and, 
immediately  before  or  after,  corresponding  runs  were  made  with  the  comparison  fuel,  the 
Standard  X.  This  insures  that  the  engine  is  in  practically  the  same  condition  when  run  with  the 
fuel  under  observation  as  when  run  on  the  comparison  fuel.  This  method  permits  the  compar¬ 
ison  of  one  fuel  with  another,  by  comparing  the  ratio  of  the  performance  of  each  with  the  per¬ 
formance  of  the  standard. 


METHODS  OF  HANDLING  THE  TEST  DATA. 

These  tests  were  all  made  at  nearly  the  same  air  temperatures.  In  order  to  correct  for 
slight  differences  in  the  performance  of  the  engine  with  the  various  fuels,  the  horsepowers 
were  reduced  to  a  standard  or  to  a  mean  temperature.  The  standard  temperature  used  in 
these  tests  is  0°  C.  (plots  2  to  8,  inclusive).  The  formula  used  for  the  temperature  correction 
to  0°  C.  is  that  given  in  Report  No.  45,  Part  III,  Variation  of  Horsepower  with  Temperature. 

After  the  horsepowers  were  corrected  for  temperature,  they  were  plotted  against  speed, 
plots  2  to  8,  inclusive. 

There  are  three  major  variables  entering  into  these  tests,  namely,  speed,  power,  and  air 
density.  The  relations  between  these  three  must  form  a  smooth  surface,  when  plotted  in 
three  dimensions.  When  a  two  dimensional  section  is  employed,  such  as  the  relation  between 
power  and  speed  for  a  constant  altitude,  such  a  curve  must  not  be  faired  without  some  regard 
to  the  relations  between  another  two  of  the  variables.  In  this  way  each  observation  in  the 
entire  set,  regardless  of  the  speed  or  density  at  which  taken,  becomes  a  check  on  all  the  other 
observations. 

From  the  scattering  of  the  points  on  plots  2  to  8,  it  is  apparent  that  different  investigators 
would  necessarily  disagree  slightly  as  to  the  location  of  the  faired  curves.  By  selecting  the 
horsepowers  corresponding  to  different  altitudes  for  a  given  speed,  other  series  of  graphs  were 
prepared,  in  which  the  relation  of  power  to  barometric  pressure  is  found  to  be  nearly  a  straight 
line.  One  investigator  favored  faired  curves  which  were  strictly  linear.  The  values  resulting 
from  this  latter  assumption  lead  to  the  percentage  power  differences  shown  in  Table  III,  and 
on  plots  9  to  12.  The  percentage  differences  are  computed  from  the  performance  of  “X” 
gasoline  as  a  reference  standard. 

Table  III. — Power  differences. 

The  percentage  difference  in  power  developed  by  the  engine  when  using  the  several  fuels,  compared  with  the  power  when  using  “X  ”  gasoline  as 

a  standard. 
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Since  the  horsepower  observations  for  both  the  Old  and  New  “X”  vary  somewhat  with 
the  condition  of  the  engine,  it  was  necessary  to  select  a  representative  X  curve.  For  this  pur¬ 
pose  two  curves  were  chosen,  one  from  the  test  comparing  265  to  Old  X,  and  one  from  the  com¬ 
parison  of  commercial  to  New  X.  The  reason  for  choosing  these  particular  tests  as  the  best 
tie  between  the  old  and  new  standard  fuels  is  that  each  was  conducted  after  a  thorough  cleaning 
and  overhaul  of  the  engine,  when  the  conditions  were  most  favorable  to  identity  of  engine 
performance  in  the  two  cases.  The  power  curves  for  the  two  X  gasolines  were  practically 
identical.  It  is  unfortunate  that  conditions  rendered  impossible  a  direct  comparison  of  the 
two  fuels,  eliminating  all  assumptions  as  to  constancy  of  engine  performance. 

CONCLUSION. 

The  magnitude  of  the  change  in  power  developed  b}7-  the  engine  when  using  these  different 
gasolines  must  be  considered  very  carefully.  The  data  from  the  tests  have  been  worked  up  in 
many  different  ways  by  several  individuals.  When  the  data  have  been  digested  as  in  securing 
Tables  III,  IV,  and  plots  9  to  12,  the  maximum  increase  of  engine  power,  referred  to  X  gasoline 
as  a  standard,  is  2.5  per  cent  at  a  normal  speed  of  1,700  r.  p.  m.,  and  the  greatest  loss  at  this 
speed  is  2  per  cent.  At  the  excessive  speed  of  2,100  r.  p.  m.,  where  the  effects  of  uncertain 
engine  performance  are  greater,  the  greatest  changes  of  power  shown  are  3.6  per  cent  above  and 
below  the  X  values.  The  power  values  from  the  various  fuels  agree,  therefore,  within  about 
3  per  cent  plus  or  minus.  In  ordinary  engineering  work  this  is  a  permissible  variation. 
Every  known  precaution  was  taken  in  the  testing  to  insure  accuracy,  so  it  may  be  that  the  data 
are  subject  to  a  less  error  than  3  per  cent.  If  the  test  data  and  subsequent  methods  of  handling 
give  results  of  an  accuracy  better  than  3  per  cent,  then  the  results  may  be  of  a  positive  nature. 
If  greater  errors  are  inherent,  then  the  results  are  of  a  negative  nature,  failing  to  prove  any 
appreciable  difference  in  these  gasolines  when  carbureting  conditions  are  adapted  to  the  fuel 

used. 

By  using  the  data  in  the  manner  which  led  to  Table  III  (plots  9  to  12),  exact  numerical 
values  may  be  assigned  to  the  power  differences.  Omitting  considerations  as  to  whether  the 
accuracy  of  these  numbers  warrants  any  such  ranking  of  the  fuels,  it  may  be  of  interest  to  tabu¬ 
late  them  in  the  order  of  power  producing  ability  as  indicated  by  these  numbers.  The  result  is 
Table  IV,  which  is  reproduced  to  demonstrate  that  there  is  very  little  or  no  definite  connection 
between  the  power  ability  and  the  properties  considered. 


Table  IV. —  The  gasolines  as  arranged  in  order  of  variation  of  properties. 
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The  order  for  the  last  three  properties  applies  only  to  the  fuels  shown,  and  would  probably  be  altered  by  data  of  remaining  fuels. 


It  is  evident  that  the  best  and  some  of  the  average  gasolines  had  similar  properties,  and 
some  of  the  average  fuels  had  properties  similar  to  the  poorest.  No  way  was  found  of  pre¬ 
dicting  the  power  performance  from  any  one,  or  from  any  group  of  properties.  Admitting 
appropriate  probable  errors  in  Table  III,  the  only  unqualified  general  deduction  warranted  is 
equally  evident  fron  the  original  laboratory  curves  of  power  vs.  speed,  plots  2  to  8. 

The  definite  general  conclusion  from  this  work  is  that  when  the  necessary  carburetion 
changes  have  been  made  so  that  each  fuel  was  prepared  as  well  as  possible  for  combustion  in 
the  engine,  then  one  particular  gasoline  was  slightly  superior  in  power  producing  qualities,  a 
large  number  of  others  were  nearly  as  good,  and  two  were  slightly  but  distinctly  inferior  to  the 
others,  the  extreme  differences  being  of  the  order  of  magnitude  of  5  per  cent. 
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PART  n. 

POWER  CHARACTERISTICS  OF  SUMATRA  AND  BORNEO  GASOLINES.1 

By  E.  W.  Roberts. 


RfeSUMfi. 

The  importance  of  securing  the  best  possible  airplane  engine  fuels  has  led  to  a  series  of 
experiments  on  a  number  of  fuels  in  the  altitude  laboratory  of  the  Bureau  of  Standards  and  at 
various  flying  fields.  Two  gasolines  extensively  used  for  aeronautical  work  by  the  French  and 
therefore  of  particular  interest  are  those  distilled  from  crudes  found  in  the  Islands  of  Sumatra 
and  Borneo.  Experiments  on  gasolines  from  these  crudes  are  of  additional  interest  because  of 
the  very  exhaustive  research  that  has  been  made  by  L.  J.  Simon  to  determine  their  chemical 
constituents.  These  investigations  by  Simon  were  carried  on  in  Paris,  and  are  the  subject  of 
an  extensive  confidential  report. 

From  the  results  of  the  experiments  conducted  at  the  Bureau  of  Standards  with  a  sample 
of  each  of  these  fuels,  having  volatility  ranges  of  from  50°  C.  to  130°  C.  for  Sumatra,  and  from 
50°  C.  to  100°  C.  for  Borneo,  the  following  conclusions  have  been  drawn: 

(1)  The  sample  of  Sumatra  gasoline  tested  develops  slightly  more  horsepower  (maximum 
1.4  per  cent)  than  the  United  States  standard  (export)  aviation  gasoline  (Aircraft  Production 
Specification  No.  3512)  at  the  altitudes  and  the  engine  speeds  covered  by  the  experiments. 

(2)  The  sample  of  Borneo  gasoline  tested  develops  slightly  less  horsepower  (maximum  0.6 
per  cent)  than  United  States  standard  (export)  aviation  gasoline,  throughout  the  range  of 
speeds  and  altitudes  covered  by  the  experiments. 

(3)  Both  samples  of  Sumatra  and  of  Borneo  gasolines  develop  higher  horsepowers  than 
commercial  gasoline.  The  maximum  increase  for  Sumatra  gasoline  is  4.2  per  cent  and  that 
for  Borneo  gasoline  is  2.2  per  cent. 

(4)  An  investigation  of  the  heats  of  combustion  of  Borneo  and  Sumatra  gasolines  shows 
these  values  to  be  practically  identical. 

(5)  Fractional  distillation  shows  a  lower  volatility  (temperature  of  distillation)  for  the 
sample  of  Borneo  gasoline  than  for  the  sample  of  Sumatra,  although  the  latter  shows  a  higher 
horsepower. 

(6)  The  fuel  economy  when  using  the  sample  of  Sumatra  gasoline  was  much  higher  than 
when  using  the  United  States  standard  (export)  aviation  gasoline,  except  at  the  highest  alti¬ 
tudes  at  which  observations  were  made. 

(7)  The  fuel  economy  of  the  sample  of  Borneo  gasoline  may  be  said  to  have  averaged 
about  the  same  as  the  United  States  standard  (export)  aviation  gasoline. 

INTRODUCTION. 

The  following  report  is  based  upon  experiments  made  in  the  altitude  laboratory  of  the 
Bureau  of  Standards.  In  this  laboratory,  the  engine  used  in  the  tests  is  installed  in  a  concrete 
chamber  having  insulated  walls,  from  which  the  air  may  be  partially  exhausted  by  means  of  a 
blower.  This  blower  also  handles  the  exhaust  from  the  engine,  thus  reducing  the  barometric 
pressure  on  the  exhaust,  the  intake,  and  the  surrounding  space,  to  that  corresponding  to  any 
desired  altitude,  up  to  about  40,000  feet.  Before  the  air  enters  the  chamber  it  is  passed  over 
a  series  of  refrigerating  coils,  and  by  this  means  its  temperature  may  be  reduced  during  the  ex- 

i  This  report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  33. 
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periment.  The  engine  is  coupled  to  an  electric  dynamometer  placed  outside  the  chamber,  by 
means  of  which  the  power  of  the  engine  may  be  measured.  A  complete  description  of  the 
vacuum  chamber  and  auxiliary  apparatus  may  be  found  in  Technical  Report  No.  44. 

GENERAL  DESCRIPTION  OF  FUELS. 

The  fuels,  the  characteristics  of  which  are  the  subject  of  this  report,  are  of  special  interest 
because  of  their  representative  character.  The  gasoline  distilled  from  the  crudes  found  in  the 
Islands  of  Sumatra  (Bureau  of  Mines  No.  261)  is  very  probably  similar  in  proportions  of  its  various 
hydrocarbons  to  the  average  German  airplane  fuel.  That  derived  from  Borneo  crudes  (Bureau 
of  Mines  No.  262)  is  particularly  high  in  naphthenes  (cyclics,  hydroaromatics).  The  standard 
fuel  with  which  both  gasolines  were  compared  during  the  experiments  in  the  altitude  laboratory, 
and  referred  to  hereafter  as  X,  fulfills  the  specifications  of  the  United  States  Bureau  of  Aircraft 
Production  for  aviation  gasoline  (export),  specification  No.  3512.  This  is  a  typical  American 
gasoline,  a  product  of  crudes  from  the  Atlantic  or  Eastern  oil  fields. 

Further  interest  is  attached  to  the  Sumatra  and  Borneo  gasolines  as  they  have  been  the 
subjects  of  a  most  exhaustive  investigation  in  France,  to  determine  the  proportions  of  the 
various  hydrocarbons  of  which  they  are  comprised.  These  investigations  were  made  at  Ecole 
Normale  Superieur  in  Paris,  under  the  auspices  of  L.  J.  Simon. 

Some  ten  or  more  homologous  series  of  hydrocarbons  have  been  found  in  petroleums. 
Gasolines  are  generally  comprised  of  varying  proportions  of  the  following  four: 

CnH2n  +  2  =  Methanes,  also  called  paraffins,  acyclics,  aliphatics. 

CnHm  —  6  +  =  Naphthenes,  also  called  hydro  aromatics,  cyclics,  polymethelenes. 

CnH2n  —  6  =  Benzenes  or  aromatics. 

CnH2n  —  Olefines,  also  called  ethylenes,  ethylenics. 

The  sequence  in  which  the  compounds  are  noted  above  is  the  order  of  predominance,  and 
the  first  of  the  names  given  are  those  most  commonly  used.  The  olefines  are  also  known  as 
unsaturated  compounds,  and  contain  less  hydrogen  than  the  methane  group.  Benzenes  and 
naphthenes  are  of  a  more  stable  nature  than  the  olefines.  The  naphthenes  are  frequently  given 
the  same  group  formula  as  the  olefines,  of  which  they  are  isomers,  although  different  both  in 
their  physical  and  chemical  characteristics.  The  proportions  of  these  several  groups  in  the 
principal  aviation  gaso fines  are  given  by  Simon  as  follows: 

Table  I. 


Gasoline. 

American. 

Sumatra. 

Borneo. 

German. 

Nanteuil. 

Sixth  Army. 

Methanes . 

Per  cent. 
81.2 

16.5 

2.3 

Per  cent. 
71.3 

22.2 

6.5 

Per  cent. 
26.0 

70.8 

2.9 

Percent. 

73.0 

20.0 

7.0 

Per  cent. 

68. 55 
24.10 

7.25 

Naphthenes . . . 

Benzenes . 

Olftfinpq . . 

1.8 

1.5 

1.4 

(United  States  Bureau  of  Mines.) 

It  should  be  noted  that  Simon  does  not  give  the  proportion  of  unsaturated  compounds, 
but  includes  them  in  the  methanes.  The  percentage  of  methanes  is  determined  by  difference 
after  determining  benzenes  and  naphthenes.  It  is  interesting  to  note  that  the  composition 
of  Sumatra  gasoline  is  an  approximate  average  of  the  two  German  gasolines.  It  may  be  con¬ 
sidered  as  probable  that  the  performance  of  Sumatra  is  an  indication  of  what  might  be  expected 
of  German  airplane  fuels.  The  proportions  given  by  Simon  for  American  gasoline  are  not 
obtained  from  standard  X,  but  the  figures  may  be  considered  as  approximately  the  propor¬ 
tions  of  X. 

The  following  information  on  Sumatra  and  Borneo  fuels  was  furnished  by  Henry  P.  Wescott, 
the  author  of  several  books  on  petroleum.  Sumatra  crudes  contain  about  12  per  cent  of  natural 
gasoline,  while  Borneo  crudes  contain  about  8  per  cent.  The  gasoline  output  is  further  increased 
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in  each  case  by  cracking  the  residua,  and  in  the  Borneo  gasoline  by  adding  casing  head  gasoline. 
The  cracking  system  in  use  is  that  known  as  the  Trumbull  process.  The  casing  head  gasoline 
is  obtained  by  the  absorption  process.  The  final  percentage  of  gasoline  obtained  is  approxi¬ 
mately  as  follows:  Sumatra,  42  per  cent;  Borneo,  30  to  32  per  cent. 


METHOD  OF  CONDUCTING  TESTS. 


The  engine  employed  in  these  experiments  at  the  Bureau  of  Standards  was  a  150-horse¬ 
power  type  A,  Hispano-Suiza,  built  by  the  Wright-Martin  Aircraft  Corporation,  New  Brunswick, 
N.  J.,  and  fitted  with  special  high-compression  pistons.  The  engine  has  eight  cylinders  in 
blocks  of  four,  set  at  90°,  with  the  following  general  dimensions: 


Bore .  120  mm.  (4.725  inches). 

Stroke .  130  mm.  (5.118  inches). 


Compression  ratio  /Tote!  volnmeN  B  3 
\  Clearance  / 


The  engine  was  operated  under  pressures  corresponding  to  four  different  altitudes,  as 
follows: 


5.200  feet. . 

11.200  feet 
19,000  feet 
29,100  feet 


62.  7  cm.  Eg. 
50.  5  cm.  Hg. 
38.  0  cm.  Hg. 
26. 1  cm.  Hg. 


and  at  five  different  speeds  at  each  altitude,  1,300,  1,500,  1,700,  1,900,  and  2,100  revolutions 
per  minute. 

The  carburetor  was  carefully  adjusted  by  hand  for  each  test  to  secure  the  maximum  horse¬ 
power  at  that  particular  speed  and  altitude  with  the  leanest  mixture.  The  method  of  adjust¬ 
ment  employed  was  as  follows:  The  carburetor  was  first  adjusted  so  that  the  engine  developed 
the  maximum  power  possible  regardless  of  fuel  consumption.  The  fuel  was  then  cut  down 
until  the  power  decreased.  Then  the  gasoline  flow  was  gradually  increased  till  the  maximum 
power  was  developed  as  before.  There  was  no  adjustment  of  carburetor  air  temperatures, 
which  varied  between  —10  and  —20°  C. 

In  these  experiments  the  engine  was  operated  at  the  various  speeds  and  at  one  barometric 
pressure,  while  on  the  fuel  being  tested,  and  then  immediately  before  and  after,  corresponding 
runs  were  made  on  the  standard  X  comparison  fuel.  This  method  of  observation  gives  assur¬ 
ance  that  the  engine  is  in  practically  the  same  condition  during  runs  on  both  kinds  of  fuel. 
It  also  permits  of  comparison  between  one  fuel  and  another  by  means  of  the  ratios  of  per¬ 
formance  of  each  fuel  to  the  standard  fuel. 

The  samples  of  Sumatra  and  Borneo  gasolines  which  are  the  subject  of  this  report  show 
the  same  range  of  distillation  temperatures  as  given  by  Simon  for  the  French  aviation  gaso¬ 
lines  from  the  same  sources. 

The  standard  fuel  referred  to  as  X  is  manufactured  by  the  Atlantic  Refining  Co.,  as  one 
of  their  regular  products,  and  as  already  noted,  accords  with  specification  No.  3512  of  the 
Bureau  of  Aircraft  Production. 

As  a  matter  of  interest,  the  performance  of  “  commercial  gasoline”  has  been  tabulated 
and  plotted  with  the  results  obtained  from  the  samples  of  Sumatra  and  Borneo  and  from  X 
gasoline.  The  values  for  commercial  gasoline  have  been  tabulated  by  percentage  differences 
between  the  values  obtained  for  this  fuel  and  X  in  another  test. 

“ Commercial  gasoline”  is  a  fair  sample  of  the  fuel  usually  sold  at  gasoline  filling  stations, 
and  distills  at  higher  temperature  than  X.  It  was  purchased  under  the  United  States  General 
Supply  Committee’s  Specification  for  1918. 

In  order  that  a  fair  comparison  of  the  performance  of  the  engine,  while  using  the  various 
fuels,  could  be  made,  the  horsepowers  in  each  case  were  reduced  to  0°  C.  The  method  of  making 
this  correction  is  described  in  Technical  Report  No.  45,  Part  I. 


METHOD  OF  WORKING  UP  DATA. 

In  working  up  the  data  secured  from  these  tests  it  was  found  that  the  horsepower  differences 
were  so  small  as  to  make  the  usual  method  of  fairing  curves  too  uncertain.  A  study  of  plot  1 
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will  show  that  at  all  altitudes  except  11,000  feet  the  sample  of  Sumatra  gasoline  showed  a 
greater  horsepower  than  X,  while  at  the  latter  altitude  it  was  lower  than  X.  This  is  so  unusual 
and  has  been  so  seldom  found  in  tests  with  other  fuels  that  the  results  were  open  to  suspicion. 
Therefore  the  data  were  carefully  analyzed  for  the  purpose  of  determining  the  probable  cause 
of  the  discrepancy. 

By  plotting  the  horsepowers  against  barometric  pressure,  plot  2,  it  is  apparent  that  the 
results  were  obtained  at  a  higher  altitude  than  that  recorded.  Shifting  all  these  points  the 
same  distance  to  the  right,  or  to  the  ordinate  corresponding  to  49  cm.  Hg.,  they  will  be  found 
to  lie  very  nearly  on  straight  lines  drawn  through  observed  horsepowers  at  the  highest  and 
lowest  altitude  of  the  test.  The  new  positions  are  indicated  by  dots.  It  will  be  noted  that 
in  the  majority  of  cases  all  horsepowers  observed  at  one  speed  lie  on  a  straight  line,  or  very 
nearly  so.  The  points  shown  on  plot  2  are  obtained  from  plot  1  by  drawing  curves  as 
closely  as  possible  through  the  horsepowers  plotted  from  the  observations.  The  intersections 
of  the  straight  lines  of  plot  2  with  the  ordinates  representing  the  four  altitudes  at  which 
observations  were  taken  were  plotted  in  plot  1,  and  any  error  in  selecting  the  proper  line  was 
at  once  apparent.  It  was  in  this  way  that  the  curves  of  plot  1  were  obtained. 

One  feature  of  the  lines  of  horsepower  plotted  against  barometric  pressure  was  particularly 
helpful  in  this  method  of  analysis.  It  was  found  that  the  intercepts  of  these  lines  on  the  axis 
of  zero  pressure  were  quite  evenly  spaced.  For  example,  in  the  equation  of  the  line 


wherein 


y  =  ax  — b 

y  —  horsepower,  and 
x  —  barometric  pressure  in  cm.  Hg., 


the  values  of  b  increased  by  even  increments  for  even  increments  of  speed.  The  value  of  b  is 
a  function  of  the  friction  horsepower  at  that  particular  speed.  Since  the  friction  horsepower 
is  entirely  independent  of  the  fuel  employed,  the  values  of  b  should  be  the  same  for  each  speed 
regardless  of  the  fuel.  Roughly  estimating  the  equations  of  the  various  lines  from  the  highest 
and  the  lowest  horsepowers  in  each  case  showed  that  the  values  of  b  were  approximately  the 
same  for  all  fuels.  Plotting  these  values  of  b  against  speed  and  drawing  an  average  line  through 
these  points  gave  the  final  values  of  b,  which  were  employed  for  the  lines  of  plot  2.  It  is  from 
these  equations,  and  not  from  the  intersections  in  plot  2,  that  the  horsepower  values  in  Table 
III  were  obtained. 

In  the  case  of  commercial  gasoline  the  values  are  those  taken  from  another  test  by  first 
fairing  the  curves  of  both  X  and  commercial  by  the  method  just  described,  and  then  transfer¬ 
ring  to  the  present  test  sheets  by  the  ratio  commercial  bears  to  X. 

In  plot  3  are  plotted  the  horsepower  differences  between  X  and  the  two  fuels  under 
observation.  In  this  figure  it  will  be  seen  that  the  horsepowers  given  by  the  sample  of  Sumatra 
show  a  practically  constant  gain  over  X  for  each  speed  throughout  the  entire  range  of  altitude. 
The  horsepowers  given  by  the  sample  of  Borneo  are  less  than  the  X  horsepowers  by  a  fixed 
amount  for  each  speed  throughout  the  range  of  the  observations. 

In  plot  4  are  plotted  the  percentage  horsepower  differences  between  X  and  the  two  fuels 
as  compared  to  X.  These  curves  show  practically  the  same  percentage  differences  for  all  alti¬ 
tudes  at  one  speed.  In  the  case  of  Sumatra  the  maximum  appears  at  1,900  revolutions  per 
minute,  while  the  percentage  of  Borneo  below  X  is  practically  constant  at  0.7  per  cent  for  all 
speeds  and  all  altitudes. 

Plot  5  shows  the  horsepower  differences  between  the  sample  of  Sumatra  and  that  of 
Borneo  as  compared  to  commercial.  Sumatra  gasoline  shows  an  advantage  which  increases 
as  the  speed  increases,  but  decreases  as  the  altitude  increases.  Borneo  gasoline  shows  the 
same  general  relation,  but  to  a  much  smaller  degree.  At  1,700  and  1,900  revolutions  per 
minute  the  horsepower  difference  is  less  than  0.5  per  cent.  The  only  point  at  which  there  is 
a  marked  difference  between  Borneo  and  commercial  is  at  2,100  revolutions  per  minute. 


167080 — S.  Doc.  307, 65-3 - 37 
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Plot  7  shows  the  distillation  curves  of 
Sumatra,  Borneo,  X,  and  commercial.  These 
determinations  were  made  by  the  United  States 
Bureau  of  Mines.  The  method  employed  is 
described  in  this  bureau’s  Technical  Paper  No- 
166. 

The  fuel  consumption  results  obtained  in  the 
engine  tests  at  the  Bureau  of  Standards  should 
be  interpreted  in  the  light  of  the  fact  that  a  wide 
variation  of  fuel  consumption  is  possible  with¬ 
out  affecting  the  horsepower  output.  The  gas¬ 
oline  consumptions  per  hour  were  first  plotted 
against  revolutions  per  minute  and  then  against 
barometric  pressure.  From  the  consumptions 
per  hour  derived  from  these  curves  were  com¬ 
puted  the  consumptions  per  horsepower  hour 
given  in  Table  IV. 

The  data  in  Table  IV  are  shown  in  plots  8  to 
13.  Plot  8  shows  the  gasoline  consumption  per 
horsepower  hour  for  X  and  the  samples  of 
Sumatra  and  Borneo  gasolines  plotted  against 
speed.  Plot  9  shows  the  same  data  plotted 
against  altitude. 
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The  percentage  differences  between  commercial  and  the  fuels  under  observation  are  plotted 
in  plot  6.  As  in  plot  4,  the  percentages  are  practically  the  same  at  each  speed  regardless  of 
altitude.  The  greatest  difference  occurs  at  2,100  revolutions  per  minute. 

Relative  fuel  economies  determined  by  computing  the  differences  between  fuel  consump¬ 
tions  per  horsepower  hour  of  the  Sumatra  and  X  and  Borneo  and  X  samples  are  plotted  as 
percentages  of  the  fuel  consumption  of  X  in  plots  10  to  13.  When  the  fuel  consumption  is 
lower  than  that  of  X,  the  percentage  is  shown  as  positive,  while  when  it  is  higher  than  X  the 
percentage  is  shown  as  negative.  Hence  points  above  the  zero  line  show  a  higher  fuel  economy 
than  X  and  points  below  the  line  indicate  lower  economy. 

The  calorific  value  of  Borneo  gasoline  is  estimated  by  Simon  to  be  1,099  kilogram  calories 
per  100  grams,  and  that  of  Sumatra  is  estimated  as  1,130  kilogram  calories  per  100  grams 
Careful  determinations  at  the  Bureau  of  Standards  of  the  heats  of  combustion  of  samples  of 
the  fuels  tested  in  the  engine  were  made  in  a  Junkers  calorimeter,  and  every  precaution  taken 
to  guard  against  possible  errors.  In  the  case  of  Borneo  gasoline  a  large  number  of  runs  were 
made  to  determine  the  probable  error  of  observation.  The  variation  from  the  mean  of  12 
observations  (6  pairs)  was  less  than  0.4  per  cent.  These  determinations  gave  the  following 
results: 

Table  II. 

[Heats  of  combustion  in  kilogram  calories  per  kilogram  and  British  thermal  units  per  pound.] 


Fuel. 

High  value. 

Low  value. 

Calories. 

British 

thermal 

units. 

Calories. 

British 

thermal 

units. 

Sumatra . 

11,210 

11, 220 
11,300 
11,220 

20,180 

20,200 

20, 340 
20,200 

10, 400 
10,460 

10, 520 

10, 450 

18, 720 
18,830 

18, 940 

18, 810 

Borneo . 

Standard  X . 

Commercial . 

The  “low”  values  are  those  that  determine  the  utility  of  the  fuel  in  an  internal  combustion 
engine,  and  the  greatest  difference  in  heating  values  of  all  four  fuels  is  but  120  calories  in  an 
average  of  10,456  or  1.15  per  cent. 

CONCLUSIONS. 

(1)  The  sample  of  Sumatra  gasoline  tested  develops  slightly  more  horsepower  (maximum 
1.4  per  cent)  than  the  United  States  standard  (export)  aviation  gasoline  (Aircraft  Production 
Specification  No.  3512)  at  the  altitudes  and  engine  speeds  covered  by  the  experiments. 

(2)  The  sample  of  Borneo  gasoline  tested  develops  slightly  less  horsepower  (maximum  0.6 
per  cent)  than  the  United  States  standard  (export)  aviation  gasoline  throughout  the  range  of 
speeds  and  altitudes  covered. 

(3)  Both  samples  of  Sumatra  and  Borneo  gasolines  develop  higher  horsepower  than  the 
commercial  gasoline.  The  maximum  increase  for  Sumatra  gasoline  is  4.2  per  cent  and  that  for 
Borneo  gasoline  is  2.2  per  cent. 

(4)  An  investigation  of  the  heats  of  combustion  shows  these  values  to  be  practically  identical 
for  both  gasolines. 

(5)  Fractional  distillation  shows  a  lower  volatility  (temperatures  of  distillation)  for  the 
sample  of  Borneo  gasoline  than  for  the  sample  of  Sumatra,  although  the  latter  shows  a  higher 
horsepower. 

(6)  Bearing  in  mind  the  facts  in  regard  to  fuel  consumption  mentioned  above,  the  fol¬ 
lowing  conclusions  can,  nevertheless,  be  drawn:  The  fuel  economy  when  using  the  sample  of 
Sumatra  is  much  higher  than  when  using  the  United  States  standard  (export)  aviation  gasoline, 
except  at  the  highest  altitudes  at  which  observations  were  made. 

(7)  The  fuel  economy  of  the  sample  of  Borneo  gasoline  may  be  said  to  average  about  the 
same  as  the  United  States  standard  (export)  aviation  gasoline. 
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Table  III. — Horsepowers  of  Sumatra,  Borneo,  X,  and  commercial  gasolines  at  various  altitudes  and  speeds,  together  with 

horsepower  differences  and  percentage  differences. 


Sumatra— X. 

Sumatra— X. 

Borneo. 

X 

2.5 

1.3.9 

179.0 

3.2 

1.86 

171.0 

2.0 

1.26 

158.0 

1.5 

1.07 

139.0 

1.5 

1.29 

116.0 

2.1 

1.45 

140.4 

2.4 

1.77 

134.5 

1.7 

1.36 

124.6 

1.1 

1.00 

109.9 

1.2 

1.30 

91.8 

1.6 

1.58 

100.  4 

1.8 

1.85 

96.7 

1.3 

1.43 

90.2 

.9 

1.12 

79.8 

.8 

1.14 

67.0 

1.0 

1.58 

62.8 

1.2 

1.95 

61.2 

.8 

1.38 

57.5 

.4 

.77 

51.4 

.4 

.91 

43.0 

Alt.  ft.,  cm.  Hg. 

R.  p.  m. 

Sumatra. 

X. 

5,200—62.74 . 

2, 100 

182. 5 

180.0 

1,900 

175.2 

172.0 

1,700 

161.0 

159. 0 

1,500 

141.5 

140.0 

1,300 

118.0 

116.5 

11,200— 50.55 . 

2, 100 

143.3 

141.2 

1,900 

137.8 

135.4 

1,700 

127.1 

125.4 

1,500 

111.8 

110.7 

1,300 

93.5 

92.3 

19,000—37.97 . 

2, 100 

102.6 

101.0 

1,900 

99.2 

97.4 

1,700 

92.0 

90.7 

1,500 

81.3 

80.4 

1,300 

68.2 

67.4 

29,100—26.09 . 

2, 100 

64.2 

63.2 

1,900 

62.8 

61.6 

1,700 

58.8 

58.0 

1,500 

52.2 

51.8 

1,300 

44.2 

43.8 

Borneo— X. 


1.0 

1.0 

1.0 

1.0 

.5 


Alt.  ft.,  cm.  Hg. 

R.  p.  m. 

Borneo— X. 

Commercial. 

Sumatra— C. 

Sumatra— C. 

Borneo — C. 

Borneo— C. 

X 

C. 

C. 

5,200—62.74 . 

2, 100 

0.56 

175.1 

7.4 

4.23 

3.9 

2.23 

1,900 

1,700 

.58 

.63 

170.5 

157.5 

4.7 

3.5 

2.76 
2. 22 

.5 

.5 

.29 

.32 

1,500 

.72 

137. 9 

3.6 

2.61 

1. 1 

.80 

1,300 

.43 

114.6 

3.4 

2.97 

1.4 

1.22 

11,200- 

-50.55 . 

2, 100 

.57 

137.3 

6.0 

4.37 

3. 1 

2.26 

1,900 

.67 

134.2 

3.6 

2.68 

.3 

.22 

1,700 

.64 

124.  1 

3.0 

2.42 

.5 

.  40 

1,500 

.72 

109. 0 

2.8 

2.57 

.9 

.83 

1,300 

.54 

90.  76 

2.  74 

3.02 

1.04 

1.15 

19,000- 

-37.97 . 

2, 100 

.59 

98.0 

4.6 

4.69 

2.4 

2. 46 

1, 900 

.72 

96.47 

2.73 

2.83 

.23 

.238 

1,700 

.55 

89.82 

2. 18 

2.  43 

.38 

.423 

1,500 

.74 

79. 06 

2.24 

2.83 

.74 

.930 

1,300 

.50 

60.20 

2.00 

3.02 

.8 

1.21 

29,100—26.09 . 

2, 100 

.63 

61.16 

3.04 

4.60 

1.64 

2.  48 

1,900 

.  65 

60.96 

1.84 

3.02 

.24 

.394 

1,700 

.86 

57.20 

1.6 

2.80 

.3 

.53 

1,500 

1,300 

.77 

.91 

50.94 

42.98 

1.26 

1.22 

2.47 

7.84 

.46 

.62 

.90 

1.44 

Table  IV. — Fuel  consumption. 


Cm.  Hg.,  Alt.  ft. 

R.  p.  m. 

Standard  X 
fuel  h.  p.  hr. 

Sumatra  (261)  fuel  h.  p.  hr. 

Borneo  (262)  fuel  h. 

p.  hr. 

Sumatra. 

X— Sumatra. 

X— Sumatra. 
X 

Borneo. 

X— Borneo. 

X — B  orneo. 

X 

62.8—5,200 . 

2, 100 

0.572 

0.512 

0. 06 

10.5 

0.562 

0.01 

1  75 

1,900 

.546 

.496 

.  05 

91.6 

.544 

.002 

37 

1,700 

.534 

.500 

.034 

0.37 

.541 

—.007 

—  1  31 

1, 500 

.543 

.523 

.02 

3.68 

.561 

—  .018 

— 3  31 

1, 300 

.  575 

.572 

.003 

.522 

.608 

-.033 

-5. 74 

50.6—11,200 . 

2, 100 

.538 

.513 

.025 

4.65 

.534 

.004 

743 

1,900 

.517 

.488 

.029 

5.61 

.509 

.008 

1  55 

1,  700 

.510 

.480 

.03 

5. 88 

.497 

.013 

2  55 

1,500 

.506 

.490 

.016 

3. 16 

.505 

.001 

.  19S 

1,300 

.564 

.519 

.  045 

7.98 

.534 

.03 

5.32 

38—19,000 . 

2,100 

.535 

.531 

.004 

.75 

.54 

—  .005 

—  935 

1,900 

.514 

.507 

.007 

1.36 

.517 

—  .003 

—  .57 

1, 700 

.507 

.500 

.007 

1.38 

.  50S 

— .001 

—  .  197 

1, 500 

.522 

.514 

.008 

1.53 

.523 

—  .001 

—  .  192 

lj  300 

.564 

.55 

.014 

2.  48 

.558 

+  .006 

+  1.06 

26.1—29,100 . 

2,100 

.610 

.592 

.018 

2.  95 

.618 

—.008 

1  .31 

1,900 

.581 

.574 

.007 

1.2 

.592 

—  .011 

1  9 

1,700 

.569 

.578 

-.009 

-1.58 

.584 

—  2  54 

1, 500 

.584 

.614 

-.03 

-5. 14 

.603 

—  .019 

—.3  25 

1, 300 

.628 

.679 

-.051 

-8.12 

.652 

-.024 

-3. 82 

U*.  tn  ax  rfw  05  CJi  -4  05  C^DOOOCOCO 
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PART  m. 

POWER  CHARACTERISTICS  OF  20  PER  CENT  BENZOL  MIXTURE.1 

By  E.  W.  Roberts. 


r£sum£. 

The  importance  of  securing  the  best  possible  airplane  engine  fuel  led  to  tests  of  a  number 
of  fuels  in  the  altitude  laboratory  at  the  Bureau  of  Standards  and  at  various  flying  fields.  Among 
the  promising  fuels  was  a  mixture  of  benzol  and  gasoline,  1,500  gallons  of  which  were  therefore 
prepared  by  the  Government  for  distribution  to  the  various  laboratories  for  further  tests. 
The  results  of  the  experiments  in  the  altitude  laboratory  of  the  Bureau  of  Standards  are  given 
in  this  report. 

From  the  results  of  these  tests  the  following  conclusions  have  been  drawn:  This  mixture 
shows  very  little  gain  in  power  as  compared  with  aviation  gasoline  (export)  at  the  lower  alti¬ 
tudes  and  the  lower  speeds.  There  is  very  little  gain  in  horsepower  below  10,000  feet.  Above 
this  altitude,  and  at  high  engine  speeds,  the  engine  shows  considerable  gain  in  power,  which  at 
29,300  feet  and  2,100  revolutions  per  minute  is  5.8  per  cent. 

While  the  methods  of  measuring  fuel  consumption  were  not  entirely  satisfactory,  the  fuel 
consumption  of  20  per  cent  benzol  mixture  appears  to  be  about  4  per  cent  greater  than  X,  at 
speeds  and  powers  where  it  gives  its  best  performance. 

POWER  CHARACTERISTICS  OF  20  PER  CENT  BENZOL  MIXTURE. 

The  following  report  is  based  upon  tests  made  in  the  altitude  laboratory  of  the  Bureau  of 
Standards.  In  this  laboratory  the  engine  under  test  is  installed  in  a  concrete  chamber  having 
insulated  walls  from  which  the  air  may  be  partially  exhausted  by  means  of  a  blower,  thus 
reducing  the  barometric  pressure  within  the  chamber  to  that  corresponding  with  any  desired 
altitude,  up  to  about  40,000  feet.  As  it  enters  the  chamber  the  air  is  passed  over  a  series  of 
refrigerating  coils,  and  by  this  means  the  temperature  may  be  regulated  during  the  tests.  The 
engine  is  coupled  directly  to  an  electric  dynamometer  placed  outside  the  chamber,  and  by 
which  the  power  of  the  engine  may  be  absorbed  and  and  measured.  A  complete  description  of 
this  apparatus  and  the  methods  of  observation  may  be  found  in  Technical  Report  No.  44. 

The  fuel  herein  called  “Signal  Corps  Mixture”  (hereafter  referred  to  as  S.C.M.)  is  a  special 
blend  of  gasoline  and  benzol  made,  up  in  accordance  to  specifications  prepared  by  W.E.  Perdew, 
assistant  chemical  engineer  of  the  Bureau  of  Mines,  and  presented  to  the  Science  and  Research 
Division  of  the  Signal  Corps,  United  States  Army,  as  follows: 

Description— The  blend  shall  consist  of  20  per  cent  by  volume  of  commercial  “90  per  cent 
benzol”  and  80  per  cent  by  volume  of  a  special  straight  run  gasoline.  The  blending  or  mixing 
shall  be  thorough,  so  that  all  the  individual  containers  will  contain  fuel  of  exactly  the  same 

composition.  ,  .  , .  , .  _ .  .  _ 

Specifications  for  benzol  to  be  used  in  making  this  fuel. 

‘‘COMMERCIAL  90  PER  CENT  BENZOL.” 

Color,  water  white. 

Initial  boiling  point,  not  lower  than  74°  C. 

90  per  cent  off  at  86°  C.  or  below. 

95  per  cent  off  at  95°  C.  or  below. 

End  point,  not  above  150°  C. 

Bureau  of  Mines  distillation  method.  (Tech.  Paper  No.  166.) 

1  This  report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  23. 
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Specifications  for  special  gasoline. 

Color,  water  white. 

Odor,  not  specified. 

Unsaturated,  no  products  of  any  cracking  process  (straight  run  gasoline). 

Doctor,  no  requirements. 

Distillation  loss,  not  more  than  2  per  cent. 

Recovery,  not  less  than  97  per  cent. 

Distillation,  first  drop,  not  below  50°  C.  nor  above  65°  C. 

20  per  cent  not  above  80°  C. 

50  per  cent  not  above  100°  C. 

70  per  cent  not  above  115°  C. 

90  per  cent  not  above  135°  C. 

Dry  point  not  above  177°  C. 

Bureau  of  Mines  distillation.  (Tech.  Paper  No.  166). 

The  engine  employed  in  these  tests  was  a  180-horsepower,  type  E,  Hispano-Suiza,  built  by  the 
W  right-Martin  Aircraft  Corporation,  New  Brunswick,  N.  J.  This  engine  has  eight  cylinders  in 
blocks  of  four,  set  at  90°,  and  with  the  following  dimensions: 


Bore . 

Stroke . 

Compression  ratio 


120  mm.  (4.72b  inches). 
130  mm.  (5.118  inches). 

. Total  volume 

Clearance  ~5.3 


The  engine  was  operated  underpressures  corresponding  to  four  different  altitudes,  as  follows: 


5.235  feet.. 

11.235  feet 
18,850  feet 
29,300  feet. 


62.5  cm.  Eg. 
50.3  cm.  Hg. 
38.0  cm.  Hg. 
26.0  cm.  Eg. 


and  at  four  different  speeds  at  each  altitude:  1,500,  1,700,  1,900,  and  2,100  revolutions, 
minute. 


per 


Ihe  carburetor  was  carefully  adjusted  by  hand  for  each  test,  to  secure  the  maximum  horse¬ 
power  at  that  particular  speed  and  altitude  with  the  leanest  mixture.  The  method  of  adjust¬ 
ment  employed  was  as  follows:  The  carburetor  was  first  set  to  secure  the  maximum  possible 
brake  pull  regardless  of  fuel  consumption.  The  fuel  supply  was  then  cut  down  until  the 
power  fell  off.  Then  the  gasoline  flow  was  gradually  increased  until  the  maximum  brake  pull 
was  again  secured. 

In  these  tests  two  sets  of  runs  are  made  at  the  various  speeds  at  each  barometric  pressure,  one 
on  the  fuel  being  tested,  the  other  immediately  before  or  after,  with  a  comparison  fuel,  known 
to  the  laboratory  as  standard  X.  This  method  of  observation  ensures  that  the  engine  is  in 
practically  the  same  condition  during  the  runs  on  each  fuel. 

The  fuel  designated  herewith  as  standard  X,  and  manufactured  by  the  Atlantic  Refining  Co. 
as  one  of  their  standard  products,  fulfills  the  specifications  of  the  Bureau  of  Aircraft  Production 
for  aviation  gasoline  (export)  Specification  No.  3512. 

As  a  matter  of  interest  the  performance  of  commercial  gasoline  has  been  tabulated  and  plotted 
with  the  results  obtained  from  the  S.  C.  M.  and  X.  The  values  for  commercial  have  been 
tabulated  by  percentage  differences  between  this  fuel  and  X  secured  in  another  test. 

Commercial  gasoline  is  a  fair  sample  of  the  fuel  usually  sold  at  automobile  filling  stations 
and  is  of  a  lower  grade  than  X.  It  was  purchased  under  the  United  States  General  Supply 
Committee  Specification  for  1918. 

In  order  that  a  fair  comparison  of  the  performance  of  the  engine  with  the  various  fuels 
could  be  made,  the  horsepowers  in  each  case  were  corrected  to  0°  C.  The  method  of  making 
this  correction  is  described  in  Part  I  of  Report  No.  45. 

In  working  up  the  data  secured  from  these  tests,  it  was  found  that  the  horsepower  differ¬ 
ences,  paiticularly  at  the  lower  altitudes,  were  so  small  as  to  make  the  usual  method  of  fairing 
curves  too  uncertain.  This  can  easily  be  understood  by  reference  to  plot  1.  It  will  be  readily 
seen  that  several  curves  could  be  drawn  through  the  points  obtained  from  the  tests  at  5,235 
feet,  any  one  of  which  might  be  considered  as  an  average  of  the  results.  One  set  of  curves 
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might  show  S.  C.  M.  higher  than  X,  and  another,  equally  fair,  might  show  S.  C.  M.  lower 
than  X.  It  was  obvious,  therefore,  that  some  better  method  should  be  employed. 

By  drawing  fair  curves  through  the  observed  points  the  approximate  horsepower  at  each 
speed  and  pressure  was  obtained.  These,  in  turn,  were  plotted  against  atmospheric  pressure. 
In  this  plot,  the  points  lie  very  nearly  on  a  straight  line.  It  was  found  that  three  out  of  the 
four  points  did  actually  lie  upon  a  straight  line  and  the  other  very  close  to  it.  Replotting  the 
horsepowers  obtained  from  the  straight  lines  against  speed  a  second  time  showed  the  probable 
error  in  plotting,  and  by  carefully  repeated  trials,  the  curves  of  plot  1  were  obtained.  In 
this  way,  the  results  obtained  at  one  altitude  were  used  to  check  the  results  obtained  at  the 
other  altitudes. 

One  feature  of  the  lines  of  horsepower  plotted  against  barometric  pressure  was  particu¬ 
larly  helpful  in  this  method  of  analysis.  It  was  found  that  the  intercepts  of  these  lines  on  the 
axis  of  zero  pressure  were  quite  evenly  spaced.  For  example,  in  the  equation  for  the  line 
y  —  ax  —  b 

wherein  y  =  horsepower 

x  —  barometric  pressure  in  cm.  Hg 

the  values  of  b  increased  by  even  increments,  for  even  differences  of  speed. 

This  method  was  employed  for  all  three  fuels  involved,  and  the  remainder  of  the  data  for 
plots  1  to  7,  inclusive,  was  derived  from  these  average  curves.  These  results  are  also  given 
in  tabular  form,  at  the  end  of  this  report. 

Plot  1  shows  the  horsepowers  of  S.  C.  M.,  X,  and  commercial  at  various  barometric 
pressures,  plotted  against  revolutions  per  minute.  These  curves  show  a  considerable  gain  in 
horsepower  of  S.  C.  M.  over  both  X  and  commercial  at  the  higher  altitudes. 

Plots  2  to  5  show  the  horsepowers  plotted  against  altitude  at  different  speeds.  Plot 
2  shows  that  S.  C.  M.  and  X  are  practically  the  same  for  1,500  revolutions  per  minute  for  the 
entire  range  of  altitudes.  Plot  2  exhibits  a  slight  divergence  of  the  S.  C.  M.  curve  from  that 
of  X  with  increase  of  altitude,  while  in  plot  3  the  two  curves  practically  coincide  at  the 
lower  altitude,  but  diverge  more  than  in  plot  2  at  the  higher  altitudes.  Plot  4  shows  a 
still  wider  divergence  at  29,300  feet. 

In  plot  6  the  percentage  gain  in  power  is  plotted  against  speed  for  S.  C.  M.  as  compared 
with  X  and  with  commercial.  Plot  7  shows  the  same  results  plotted  against  altitude  at 
various  speeds.  Both  sets  of  curves  simply  accentuate  the  characteristics  indicated  by  the 
curves  in  the  previous  figures. 

Plot  8  is  the  distillation  curve  of  the  fuel  obtained  by  the  United  States  Bureau  of  Mines 
and  according  to  the  method  described  in  Bureau  of  Mines  Technical  Paper  No.  166.  For  the 
purpose  of  comparison,  the  distillation  curves  of  X  and  commercial  are  plotted  on  the  same 
plate. 

Plots  9  to  11  are  from  the  fuel-consumption  determinations  made  during  the  tests. 
Owing  to  the  unsatisfactory  operation  of  the  fuel-weighing  device,  these  results  should  be 
considered  as  comparative  only. 

Plot  9  shows  the  actual  fuel  consumption  in  pounds  per  horsepower  hour  plotted  against 
revolutions  per  minute.  The  curves  are  drawn  through  the  arithmetic  means  of  the  various 
points  determined. 

In  plots  10  and  11  the  differences  in  fuel  consumption  are  plotted  as  percentages  of  the 
fuel  consumption  when  using  X  fuel.  The  lines  are  simply  to  assist  in  following  through  the 
various  results.  These  figures  should  not  be  considered  as  final. 

CONCLUSIONS. 

Signal  Corps  mixture  shows  very  little  gain  in  power  as  compared  to  X  below  10,000  feet 
altitude.  Above  that  altitude  there  is  no  gain  of  consequence  at  the  lower  speeds,  but  a 
marked  gain  at  the  higher  speeds.  It  is,  therefore,  to  be  considered  a  high-altitude  fuel.  The 
fuel  consumption  would  be  about  4  per  cent  greater  than  X  at  the  altitude  where  the  fuel 
gives  its  best  performance. 
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Table  showing  horsepower  and  horsepower  ratios  for  S.  C.  M.,  X,  and  commercial  at  various  speeds  and  altitudes. 


Cms.  Hg;  altitude,  feot. 

Revolutions 
per  minute. 

Horsepower, 
S.  C.M. 

Horsepower, 

Horsepower, 

S.C.M.-X. 

Per  cent 
horsepower 
S.C.M.-X, 
X 

Horsepower, 

commercial. 

Horsepower, 
S.  C. M- 
commercial. 

Per  cent 
horsepower, 
S.C.M.-C. 

C. 

62.5—5,235 . 

2,100 

192.0 

191.5 

0.5 

0.261 

189.5 

2.5 

1.30 

1,900 

182.0 

181.0 

1.0 

0.  55 

181.1 

0.9 

0.50 

l' 700 

166.7 

165.7 

1.0 

0.604 

165.2 

1. 5 

0. 91 

1,500 

148.2 

147.5 

0.7 

0.475 

145.6 

2.6 

1. 78 

50.3—11,235 . 

2,100 

148.6 

147.0 

1.6 

1.088 

145.0 

3.6 

2.40 

1,900 

141.5 

140.0 

1.5 

1.071 

139.5 

2.0 

1.43 

1,700 

129.8 

128.8 

1.0 

0. 776 

127.9 

1.9 

1. 49 

1,500 

115.7 

114.8 

0.9 

0.785 

113.3 

2.4 

2. 12 

38.0—18,850 . 

2, 100 

105.0 

102.5 

2.5 

2.0 

100.2 

4.8 

4.80 

1,900 

100.5 

98.6 

1.9 

1.89 

97.6 

2.  9 

2.  97 

1,700 

92.7 

91.7 

1.0 

1.09 

90.2 

2.5 

2.  77 

1,500 

83.0 

82.8 

0.2 

0.24 

80.7 

2.3 

2. 85 

26.0-24,300 . 

2, 100 

62.3 

58.9 

3.4 

5.78 

56.6 

5.7 

10.07 

1,900 

60.6 

58.4 

2.2 

3.77 

56.7 

3.9 

6. 88 

lj  700 

56.6 

55.6 

1.0 

1.80 

53.6 

3.0 

5.  60 

1,500 

51.2 

51.1 

0.1 

0. 196 

48.9 

2.3 

4.69 

Note. — All  horsepowers  corrected  to  0°  C. 
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CARBURETING  CONDITIONS  CHARACTERISTIC  OF  AIRCRAFT  ENGINES.1 

By  Percival  S.  Tice. 


RESUME. 


Tests  have  been  conducted  at  the  altitude  laboratory  erected  at  the  Bureau  of  Standards 
for  the  National  Advisory  Committee  for  Aeronautics  to  determine  the  changes  in  engine  per¬ 
formance  with  changes  in  atmospheric  temperature  and  pressure  at  various  levels  above  the 
earth’s  surface,  with  special  reference  to  (a)  the  variables  affecting  the  functioning  of  the  car¬ 
buretor  and  ( b )  the  changes  in  performance  resulting  from  variables  in  the  carburetor  itself. 
This  work  has  resulted  in  the  following  conclusions: 


(1)  Mixture  ratio 


should  be  constant  at  all  pressure  levels,  for  maximum  power  at 


all  levels. 

(2)  Change  in  viscosity  of  fuel  with  temperature  change  may  be  an  important  metering 
characteristic  of  the  carburetor. 

(3)  Unwarranted  waste  of  fuel  is  invariably  involved  in  the  use  of  carburetors  not  fully 
corrected  for  barometric  changes. 

(4)  Heating  of  the  mixture  causes  a  loss  in  power  output  accompanied  by  an  increase  in 
the  specific  consumption  of  fuel  (lb.  gasoline /brake  horsepower /hour),  at  least  with  such 
fuels  as  are  available  for  war  purposes. 


CARBURETING  CONDITIONS  CHARACTERISTIC  OF  AIRCRAFT  ENGINES. 

The  following  results  are  offered  as  characteristic  of  the  conditions  surrounding  the  car¬ 
bureting  system  of  an  aircraft  engine.  The  whole  is  indicative  of  the  changes  experienced 
following  those  variations  in  barometric  pressure  encountered  in  the  service  operation  of  such 
engines. 

Briefly,  the  purpose  of  this  report  is  merely  to  summarize  certain  of  the  performance 
characteristics  of  an  aircraft  engine,  to  be  followed  later  by  a  detailed  investigation  and  report 
on  the  carburetion  requirements  and  means  for  satisfying  them  in  this  service. 

All  of  the  tests  from  which  the  following  material  is  taken  were  made  in  the  altitude  labo¬ 
ratory  at  the  Bureau  of  Standards,  employing  a  150-horsepower  Hispano-Suiza,  type  A  engine, 
having  eight  cylinders  in  blocks  of  four,  set  at  90°: 

Bore  120  mm.  (4.73  inches). 

Stroke=130  mm.  (5.124  inches). 

Compression  ratio  Clearance  volSi)”5'3' 

A  constant  speed  of  1,500  revolutions  per  minute  (the  speed  of  maximum  mean  effective  pres¬ 
sures)  was  maintained  throughout  the  runs. 

It  is  known  that  the  values  of  the  air  readings  used  in  the  following  plottings  are  somewhat 
high;  and,  for  this  reason,  it  is  pointed  out  that  the  results  including  air/fuel  ratios  for  the 
mixtures  should  be  employed  qualitatively  rather  than  quantitatively,  though  the  results  are 
in  perfect  agreement  among  themselves. 


i  This  Report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  10. 
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The  graphs  used  are  described  as  follows: 

Plot  1. — Curve  a,  altitude,  in  feet  above  sea  level,  versus  barometric  pressure;  and 
curve  b,  temperature  (mean  annual)  versus  altitude  in  feet  above  sea  level. 

Plot  2. — Engine  pumping  capacity  in  pounds  of  air  per  hour  per  100  cubic  feet  of  piston 
displacement,  with  open  throttle,  versus  barometric  pressure.  The  points  on  this  curve  are 
means  of  a  great  many  measurements  using  a  carburetor  capable  of  giving  maximum  output 
over  the  whole  range  of  pressures;  and  while  the  readings  are  known  to  be  high,  as  noted  in 
the  introduction,  the  characteristic  is  quite  definitely  established.  It  will  be  noted  that  the 
curve  quite  pronouncedly  turns  upward  as  the  pressure  becomes  less.  This  follows  from  the 
fact  that  the  pressure  drop  to  cause  air  to  flow  at  constant  velocity  is  less  with  lesser  density, 
thereby  permitting  the  aspiration  of  proportionately  greater  volumes  of  air  as  the  density 
value  lowers.  The  graph,  plot  3,  showing  manifold  pressure  drop  plotted  against  barometric 
pressure,  in  this  case  carburetor  inlet  pressure,  is  characteristic  of  the  variation  in  pressure 
drop  to  cause  air  to  flow  in  the  intake  system  with  changes  in  atmospheric  density. 

Plot  4. — Pounds  of  gasoline  (0.7350  sp.  gr.)  per  hour  per  100  cubic  feet  piston  displace¬ 
ment,  with  open  throttle,  versus  barometric  pressure.  The  fuel  used  in  these  tests  is  described 
by  the  fractionation  curve  of  plot  5.  In  plot  4  is  shown  the  manner  in  which  conventional 
carburetors,  designed  for  compensation  in  the  ordinary  sense  at  ground  level,  cause  enrichment 
of  the  mixture  with  lowered  atmospheric  pressure.  Curve  a  is  from  tests  of  a  device  having 
a  manual  control  reset  to  give  greatest  power  output  at  each  barometric  level.  Curves  b,  c,  d, 
and  e  are  results  with  several  carburetors,  some  of  which  embody  a  measure  of  correction  for 
enrichment  with  lowered  density.  Curve  L  is  calculated  from  the  equation: 

in  which  Q  —  the  quantity  of  fuel  discharged  at  sea  level,  Qt  =  the  quantity  of  fuel  discharged 
at  any  other  level,  corresponding  to  the  pressure  Pv  This  equation  assumes  a  constant  value 
for  the  coefficient  in  the  equation : 

v-aj 2g£ 

for  the  fuel  metering  passage.  Curve  g,  plot  4,  is  that  for  carburetor  (a),  but  with  ground 
setting  of  the  manual  control  at  all  barometric  levels.  The  great  waste  of  fuel  resulting  from 
the  use  of  a  carburetor  uncompensated  for  wide  barometric  changes  is  obvious  from  the  diagram, 
particularly  when  it  is  considered  together  with  that  of  plot  7,  wherein  are  given  the  brake 
mean  effective  pressures  corresponding  with  the  two  rates  of  fuel  consumption  presented  in 
curves  a  and  d  of  plot  4. 

The  observed  enrichments,  expressed  as  per  cent  excess  fuel  in  the  mixture,  for  the  several 
cases  of  plot  4,  are  plotted  in  plot  6,  against  barometric  pressure. 

The  considerable  variations  among  the  curves  of  plots  4  and  6  are  largely  the  result  of 
variations  in  the  extent  to  which  change  in  viscosity  of  the  fuel  with  temperature  enters  the 
results.  No  two  of  the  several  carburetors  used  in  these  tests  have  identically  proportioned 
fuel  metering  passages;  hence  it  is  to  be  expected  that  considerable  differences  will  be  apparent 
among  the  results,  considering  them  from  this  viewpoint  alone. 

In  plot  7 — maximum  brake  m.  e.  p.  versus  barometric  pressure — it  is  seen  that  no  justifica¬ 
tion  can  be  found  for  the  fuel  consumption  rate  of  curve  d,  plot  4.  Not  only  is  fuel  wasted 
at  all  levels  and  power  lost  above  14,000  feet  altitude,  but  the  mixtures  are  so  rich  at  the  greatest 
altitudes  as  to  cause  fouling  of  spark  plugs  and  combustion  chamber  walls. 

In  plot  8  are  presented  the  relationships  between  brake  m.  e.  p.  and  mixture  ratio,  with 
the  latter  varied  through  wide  limits  at  each  pressure  level.  The  important  conclusion  to  be 
reached  from  this  diagram  is  that  maximum  power  output  at  each  pressure  level  (operating  at 
the  rated  speed  of  the  engine),  is  secured  with  the  same  ratio  of  air  to  fuel  in  the  mixture.  Fur¬ 
ther,  the  mean  cylinder  pressures  decrease  more  rapidly  with  a  given  change  in  the  air-fuel  ratio 
the  lower  the  atmospheric  pressure.  This  points  to  the  need  for  much  closer  regulation  of  the 
mixture  with  lowered  pressures  as  compared  with  the  higher.  (Note  that  the  mixture  ratio 
for  maximum  brake  m.  e.  p.’s  should  have  a  somewhat  lower  value  than  indicated  in  this  dia¬ 
gram,  because  of  the  too  high  air  readings  previously  noted.) 
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Plot  2. 


Plot  7.  Plot  9. 
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The  effect  of  hot-water  jacketing  of  the  intake  manifold  in  the  engine  used  (Hispano  150- 
horsepower)  is  shown  for  two  sets  of  test  runs  in  diagram  plot  9,  these  two  tests  being  fairly 
representative  of  the  results  found  in  other  tests  that  have  been  made  with  this  engine.  The 
loss  following  jacketing  of  the  manifold  branching  immediately  above  the  carburetor  is  greatest 
at  the  greatest  atmospheric  pressure,  winch  latter  is  accompanied  by  the  highest  atmospheric 
temperature,  and  becomes  of  relatively  less  importance,  up  to  17,000  feet  altitude  (note  curve 
c,  plot  9),  as  the  atmospheric  pressures  and  temperatures  become  lower. 

In  these  tests  a  constant  intake  manifold  water  jacket  temperature  of  37°  C.  =  96.8°  F.  was 
maintained.  In  such  a  case  the  pumping  loss  in  the  engine  following  heating  of  the  mixture 
will  vary  directly  with  the  temperature  difference  between  mixture  and  jacket  and  in  an  inverse 
manner  with  the  mixture  density. 

This  assumes  that  the  whole  of  the  heat  given  up  by  the  constant  temperature  water  jacket 
appears  as  sensible  heat  in  the  mixture.  Of  course,  this  is  not  realized,  since  some  of  the  heat 
taken  up  by  the  mixture  is  used  to  evaporate  the  fuel  and  becomes  latent.  The  proportion  of 
the  total  heat  received  which  is  so  used  depends  upon  so  many  variables,  considering  different 
fuels  and  different  carbureting  methods,  that  it  is  impossible  to  state  the  two  results  in  general 
terms.  In  any  case,  the  net  result  only  is  of  importance  and  its  characteristic,  as  found  in  these 
tests,  is  shown  clearly  by  the  curves  of  plot  9. 

It  is  noteworthy  also  that,  in  general,  loss  in  output  resulting  from  manifold  hot-water 
jacketing  is  accompanied  by  greater  fuel  consumption  values,  regardless  of  carburetor  design 
and  method  of  control,  and  with  fixed  adjustment  carburetor  designs  the  economy  loss  following 
heating  in  this  way  may  attain  quite  serious  proportions. 
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Barometric  Pressure.  (Cm.  of  fig.) 
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PART  I. 

DESCRIPTION  OF  CARBURETOR  TEST  PLANT.1 

By  Fercival  S.  Tice. 


r£sum£. 

The  Bureau  of  Standards  carburetor  test  plant  has  been  designed  for  convenient,  speedy, 
and  accurate  observations  of  carburetor  performance,  without  inclusion  of  the  complications 
attendant  upon  engine  performance  in  such  testing.  It  comprises  an  orifice  air  meter,  supplying 
air  to  a  miniature  altitude  chamber,  in  which  the  carburetor  is  mounted.  Air  is  drawn  through 
the  carburetor  by  a  vacuum  pump,  and  flow  pulsations  in  the  air  stream  are  simulated  by  an 
apparatus  controlling  both  the  rate  and  amplitude  of  the  pulsations.  Pressure  within  the 
carburetor  chamber  can  be  lowered  from  that  of  the  atmosphere  to  approximately  one-quarter 
of  an  atmosphere ;  and  the  air  temperature  can  be  raised  to  any  desired  value  above  that  of  the 
atmosphere. 

Weighing  of  the  fuel  and  observations  of  pressures  about  a  carburetor  permit  of  determin¬ 
ing  the  mixture  ratios  and  coefficients  of  flow  under  any  service  conditions. 

DESCRIPTION  OF  CARBURETOR  TEST  PLANT. 

The  Bureau  of  Standards  carburetor  testing  plant  was  designed  and  built  for  the  purpose 
of  insuring  greater  precision  and  speed  in  observations  of  carburetor  metering  characteristics 
than  are  conveniently  possible  where  the  carburetor  is  in  use  on  an  engine.  It  is  designed  to 
permit  observations  not  only  at  atmospheric  pressure  and  temperature,  but  also  at  air  pres¬ 
sures  as  low  as  one-third  of  an  atmosphere,  and  at  such  temperatures  as  may  be  desired  above 
atmospheric  temperature.  Means  are  also  provided  for  producing  pulsations  of  the  air  flow,  com¬ 
parable  in  speed  and  amplitude  to  those  met  with  in  practice.  Thus  it  is  possible  to  reproduce 
substantially  any  condition  which  may  obtain  in  service  on  an  engine,  and  at  the  same  time 
variables  due  to  the  engine  condition  are  eliminated.  The  course  of  the  investigation  is  so 
simplified  as  to  make  it  possible  for  one  man  to  control  the  whole  plant  and  make  all  observa¬ 
tions  incident  to  a  set  of  runs.  While  the  results  obtained  usually  require  checking  on  an  engine 
in  operation,  the  final  stage  is  reached  more  quickly,  conveniently,  and  at  far  less  expense,  as 
well  as  more  accurately  than  if  all  the  tests  had  been  made  on  the  engine. 

The  set-up  comprises  the  following  several  units: 

(1)  The  air  meter. 

(2)  The  throttle  valve. 

(3)  The  air  heater. 

(4)  The  carburetor  chamber. 

(5)  The  pulsator. 

(6)  The  air  pump. 

(7)  The  fuel  meter. 

(8)  The  manometer  columns. 


1  This  report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  43. 
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FIG.  1.— GENERAL  VIEW  OF  CARBURETOR-TESTING  PLANT,  IN  WHICH  THE  PERFORMANCE  CHARAC¬ 
TERISTICS  OF  CARBURETORS  CAN  BE  STUDIED  AND  DEVELOPED  WITH  REFERENCE  TO  THE 
SPECIAL  REQUIREMENTS  OF  ANY  SERVICE. 


FIG.  4.— CLOSE-UP  VIEW  OF  THE  AIR  HEATER  AND  ITS  CONTROL  SWITCHES,  THE  CARBURETOR  CHAMBER, 

THE  PULSATOR,  AND  THE  MANOMETER  COLUMNS. 
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FIG.  2.— AIR  METERING  ORIFICES,  WITH  DETAIL  OF  THEIR 
MOUNTING  AND  OF  THE  APPROACH  PASSAGE. 


FIG.  3.— END  VIEW,  SHOWING  THE  THROTTLING  VALVE  FOR 
CONTROL  OF  THE  CHAMBER  PRESSURE,  AND  DETAIL  OF 
THE  MANOMETER  LINES. 


FIG.  8.— THE  FUEL  METERING  SET-UP,  SHOWING  THE  FUEL  TANK,  SCALEBEAM 
CONTROL  OF  THE  STOP  WATCH,  PR  ESSU  RE- REGU  LATI  N  G  VALVE,  AND  THE 
TRAP  FOR  VAPOR  AND  SEDIMENT. 
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To  follow  the  course  of  the  air  through  the  plant:  It  first  passes  the  air  meter,  then  flows 
through  the  throttle  valve  and  over  the  heating  grids  to  the  carburetor  chamber.  Here  it 
enters  the  carburetor  under  observation,  after  which  it  passes  through  the  pulsator  to  the 
blower  pump,  from  which  latter  it  is  discharged  to  the  atmosphere. 

The  general  appearance  and  arrangement  of  the  plant  are  shown  in  figure  1,  in  which  view 
the  convenient  grouping  of  the  controls  is  clearly  brought  out. 

A  detailed  description  of  the  several  units  of  the  plant  follows: 

THE  AIR  METER. 

This  portion  of  the  plant  follows  exactly  the  specifications  laid  down  by  Durley  2  in  his  work 
on  air  flow  through  orifices  in  thin  plates,  with  the  one  exception  that  the  direction  of  flow  is 
reversed  with  reference  to  the  orifice  box  or  chamber.  Since,  however,  the  cross  sectional  area 
of  the  chamber  in  a  plane  parallel  to  that  of  the  orifice  is  somewhat  over  the  limiting  value  of 
20  to  1  referred  to  the  maximum  orifice  area  employed,  and  since  the  drop  in  pressure  across 
the  orifice  is  never  permitted  to  exceed  6  inches  of  water  column,  the  fact  that  the  air  flow  is 
into  instead  of  out  of  the  chamber  is  of  no  consequence  in  the  measurements. 

Figure  2  is  close-up  view  of  the  orifice  end  of  the  metering  chamber.  Here  are  shown  the 
approach  passage  with  its  grid  for  the  purpose  of  protecting  the  lines  of  flow  into  the  orifice 
from  disturbance  by  stray  room  currents,  and  the  structural  details  of  the  orifice  mounting. 
The  orifices  are  bored  in  steel  plates  0.057  inch  thick,  with  perfectly  square  edges,  and  range 
in  size  from  3.500  inch  to  0.500  inch,  by  0.500  inch  decrements.  There  is  provided  in  addition, 
an  orifice  of  0.3125  inch  diameter,  and  also  a  blank  plate  used  for  checking  the  tightness  of  the 
chamber  and  throttling  valve.  The  orifice  plates  seat  upon  a  rectangular  gasket  of  pure  gum 
rubber  of  one-quarter  inch  thickness,  thus  insuring  air  tightness  even  though  the  plates  are 
sprung  in  locking  them  upon  the  end  of  the  chamber. 

The  pressure  drop  across  the  orifice  is  i*ead  on  the  upper  of  the  two  inclined  manometers 
shown  above  the  pyramidal  approach  to  the  carburetor  chamber,  figure  1.  This  manometer  is 
provided  with  a  scale  having  divisions  1  millimeter  apart,  and  is  set  at  such  an  angle  that  each 
division  is  equal  to  a  vertical  rise  of  the  column  of  0.01  inch.  This  readily  permits  an  accuracy 
of  observation  of  plus  or  minus  0.0025  inch  on  the  deflection  of  the  column.  In  addition  there 
is  provided  a  short  vertical  water  column,  at  the  immediate  left  of  the  carburetor  chamber, 
having  a  scale  divided  into  fiftieths  of  an  inch,  and  read  through  a  magnifier,  with  provisions 
for  the  avoidance  of  parallax.  This  latter  column  is  fitted  with  a  tank  having  one  hundred  times 
the  area  of  the  tube,  thus  its  readings  are  at  all  times  1  per  cent  too  small.  While  the  inclined 
column  is  also  connected  with  a  tank  (in  this  case  a  Wolff  bottle  at  the  back  of  the  board)  the 
inclination  of  the  tube  is  so  adjusted  that  no  correction  need  be  made. 

THE  THROTTLE  VALVE. 

A  length  of  3-inch  pipe  connects  the  orifice  chamber  with  the  gate  valve  shown  in  the  fore¬ 
ground  of  figure  3.  The  function  of  this  valve  is  the  control  of  the  pressure  within  the  car¬ 
buretor  chamber,  in  a  study  of  the  performance  characteristics  of  carburetors  under  atmos¬ 
pheric  pressures  lower  than  that  at  the  ground.  The  manipulation  of  the  throttling  valve  will 
be  discussed  in  detail  in  that  section  of  the  description  devoted  to  the  method  of  control. 

THE  AIR  HEATER. 

For  the  purpose  of  observation  of  the  effects  of  varying  air  temperature  on  carburetor 
performance  the  air,  after  it  has  passed  the  throttling  valve,  is  drawn  through  a  chamber  com¬ 
posed  of  a  set  of  five  frames,  in  each  of  which  is  mounted  a  coil  of  resistance  wire  in  such  a  manner 
as  to  cause  it  to  be  reasonably  completely  swept  by  the  air  stream.  As  shown  in  figure  4,  the 
five  units  of  the  heater  are  wired  to  controlling  switches  and  a  rheostat  in  such  manner  that 

ifi.j,  Durley,  Trans.  A.  S.  M.  E.,xxvii,  193.  The  reader  is  referred  to  this  original  pa  er  for  complete  discussion  of  the  desirability  of  employ¬ 
ing  flow  through  orifices  in  making  air  measurements. 
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three  of  them  are  supplied  with  current  at  220  volts,  without  external  resistance,  when  their 
respective  control  switches  are  closed,  while  the  fourth  may  be  thrown  into  circuit  on  either 
110  or  220  volts  as  desired.  The  fifth  unit  is  in  series  with  a  rheostat,  and  may  also  be  sup¬ 
plied  from  either  the  110-volt  or  the  220-volt  fines,  as  required. 

The  capacities  of  the  units  are  identical  and  the  control  is  such  as  to  permit  of  extremely 
delicate  regulation  from  about  3°  above  the  atmospheric  temperature  up  to  45°  C.  above  that 
temperature,  with  the  maximum  air  flow  of  which  the  plant  is  capable.  Chamber  temperatures 
are  read  on  a  mercurial  thermometer  mounted  just  within  the  glass  door,  as  in  figure  1 . 

THE  CARBURETOR  CHAMBER. 

Leaving  the  heater,  the  air  passes  through  the  pyramidal  approach  passage  to  the  carburetor 
chamber.  Mounted  in  the  entrance  to  the  latter  is  a  grid  similar  to  that  shown  in  the  approach  to 
the  air  metering  orifice.  The  increasing  sectional  area  of  the  approach  to  the  carburetor  cham¬ 
ber  and  the  grid  just  mentioned  are  designed  to  obviate  to  a  large  extent  the  eddy  currents  that 
might  be  expected  to  exist  within  the  chamber  should  the  air  be  introduced  in  a  column  of 
small  section  at  higher  velocities. 

The  carburetor  chamber  comprises  a  box  18  by  18  inches  at  the  ends  (outside)  and  30  inches 
long  (outside),  built  up  of  yellow-pine  boards  2  inches  thick.  Inside,  at  each  junction  of  abutting 
walls,  the  structure  is  reinforced  by  a  fitted  length  of  2-inch  angle  iron.  The  door  opening  is 
recessed  to  take  a  steel  frame  made  up  of  24 -inch  square  stock,  the  outer  face  of  which  is  flush 
with  the  face  of  the  chamber.  Over  the  whole  is  fitted  a  solder-sealed  sheathing  of  galvanized 
iron,  and  supported  by  the  turned-up  edge  of  the  sheathing  at  the  door  opening  is  a  rectangular 
gum  rubber  gasket,  3 4  inch  thick,  having  a  24  -inch  face.  The  glass  door,  shown  in  figure  4 
resting  on  the  table  beneath  the  carburetor  chamber,  is  of  plate  glass,  24  inch  thick,  and  is  sup¬ 
ported  and  clamped  in  place  over  the  opening  and  against  the  gasket  by  the  pair  of  steel  bars 
shown  at  the  top  and  bottom  of  the  opening. 

The  heavy  construction  of  the  chamber  is  necessitated  by  the  great  pressure  to  which  the 
walls  are  subjected  when  the  pressure  within  the  chamber  is  reduced,  as  in  studying  high-altitude 
performance  of  carburetors.  The  sheathing  of  galvanized  iron  is  employed  to  insure  air-tightness 
This  form  of  sheathing  is  also  applied  to  the  pyramidal  approach,  and  to  the  orifice  chamber. 

Within  the  carburetor  chamber,  and  in  the  center  of  its  top  wall,  is  mounted  a  circular 
flange  to  which  the  several  carburetors  studied  are  secured  with  interposed  adapters.  At  tho 
left  of  the  door  opening  is  a  pair  of  control  spindles,  with  adjustable  level’s  inside  the  chamber, 
for  the  control  of  the  throttle  and  whatever  other  control  member  may  be  provided  in  the  car¬ 
buretor. 

A  sleeve,  integral  with  the  carburetor  flange  within  the  chamber,  extends  through  the  top 
wall  to  form  an  air-tight  joint  with  a  large  circular  flange  secured  to  the  outside  of  the  chamber 

The  carburetor  outflow  passage  consists  of  a  glass  tube  held  in  glands  spaced  by  four 
24-inch  studs.  Several  advantages  result  from  making  this  portion  of  the  outflow  passage  of 
glass.  The  quality  of  the  charge,  with  respect  to  the  fineness  of  division  of  the  liquid,  is  shown; 
irregularities  in  the  fuel  discharge  are  made  obvious;  it  can  be  seen  whether  or  not  the  passages 
of  the  carburetor  cause  swirling  of  the  air  stream;  and  localization  of  the  liquid  in  the  stream 
or  on  the  wall  is  definitely  shown.  In  addition  to  the  above,  observations  of  the  glass  serve 
as  a  ready  check  on  the  functioning  of  the  float  mechanism  of  the  carburetor. 

THE  PULSATOR. 

Mounted  just  above  the  carburetor  discharge  passage  is  the  pulsator,  a  device  for  creating 
pulsating  flow  through  the  carburetor,  closely  following  in  character  those  fluctuations  of  pres¬ 
sure  and  velocity  experienced  in  the  operation  on  an  engine.  The  exterior  of  the  pulsator  is 
shown  photographically  in  figure  4,  and  its  construction  and  control  are  diagrammed  in  figure  5. 

The  pulsator  body  is  a  casting  with  a  rectangular  passage  for  the  mixture  discharged  by 
the  carburetor.  Normal  to  and  intersecting  the  axis  of  the  passage  is  a  spindle  carrying  a 
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rectangular  throttle  plate.  Secured  to  the  front  and  the  back  walls  of  the  rectangular  passage 
are  plates  of  spring  bronze,  which  are  normally  flat,  and  cause  no  restriction  of  the  passage. 
These  spring  plates  form  flexible  walls  for  the  passage,  and  permit  of  varying  its  effective  area 
in  the  plane  of  the  throttle  spindle. 

A  one-sixth  horsepower  shunt  motor,  mounted  on  the  top  of  the  carburetor  chamber,  is 
arranged  to  drive  the  pulsator  spindle  through  three-step  pulleys.  The  control  of  the  speed  is 
supplemented  by  field  resistances;  and  a  magnetic  tachometer  is  used  to  show  the  speed  of  the 
spindle.  These  latter  items  are  shown  in  figures  1  and  2,  mounted  on  the  front  wall  of  the  meter¬ 
ing  orifice  approach  passage.  The  tachometer  is  one  built  for  cam-shaft  drive  on  an  engine  and 
thus  reads  directly  in  pulsations  per  minute,  since  the  pulsator  throttle  sweeps  the  passage  twice 
for  every  revolution.  The  range  of  control  provided  permits  of  a  change  in  rate  of  pulsations 
from  600  to  4,000  per  minute.  This  is  equivalent  to  a  range  of  engine  speeds  from  300  to  2,100 
in  the  case  of  four  cylinders,  and  from  400  to  2,800  r.  p.  m.  in  the  case  of  three  cylinders  per 
carburetor. 

The  amplitude  of  the  pressure  pulsations  is  controlled  by  manipulation  of  the  screws  shown 
in  figures  4  and  5,  to  cause  the  spring  plates  to  approach  the  edges  of  the  throttle  plate  more  or 
less  closely  as  the  throttle  revolves.  Thus  it  is  possible  to  reproduce  sufficiently  faithfully  for 
the  purpose  in  hand,  the  pulsation  characteristics  of  any  engine  cylinder  combination  of  more 
than  one  cylinder,  having  the  aspiration  strokes  evenly  spaced. 

A  simple  form  of  optical  indicator  is  employed  to  show  the  magnitude  of  the  pressure 
fluctuations  in  the  carburetor  discharge  passage.  This  indicator  is  shown  in  diagram  in  figure  6. 
No  attempt  is  made  to  make  a  pressure- time  diagram  of  the  pulsations.  The  magnitude  of  the 
pressure  fluctuations  is  read  from  the  calibrated  screen  of  the  indicator,  on  which  appears  a  line 
of  light,  the  ends  of  which  define  the  values  of  the  upper  and  lower  pressure  limits. 

THE  AIR  PUMP. 

A  Nash  “Hydro turbine ”  vacuum  pump  is  used  to  draw  the  air  through  the  carburetor. 
Its  intake  is  connected  with  the  pulsator  outlet  by  a  length  of  flexible  metallic  tube,  as  shown  in 
the  general  view,  figure  1 ;  and  the  pump  discharge  is  carried  out  through  a  window  of  the 
laboratory. 

Between  the  pulsator  flange  and  that  on  the  end  of  the  flexible  tube  is  a  throttling  opening 
and  trap.  This  latter  serves  the  double  purpose  of  eliminating  the  effect  upon  the  carburetor 
of  resonance  in  the  length  of  flexible  tube  when  the  pulsator  is  in  action,  and  of  trapping  and 
passing  directly  to  the  pump  the  liquid  that  would  otherwise  accumulate  above  the  pulsator  with 
small  air  flows.  This  liquid  passes  to  the  pump  intake  through  a  inclined  length  of  ^-inch  pipe. 

The  Nash  pump  is  that  company’s  No.  3  size,  and  is  capable  of  reducing  the  pressure  within 
the  carburetor  chamber  to  180  mm.  Hg.,  or  to  180/760  =  0.237  atmosphere,  with  the  throttling 
valve  fully  closed.  Between  the  limits  of  the  barometer  column  of  350  mm.  and  one  of  760  mm. 
the  weight  of  air  pumped  is  a  straight  line  function  of  the  pressure.  The  capacity  of  the  pump 
as  applied  to  this  plant  is  shown  graphically  in  plot  7,  in  which  the  weight  of  air  pumped  is 
plotted  against  barometric  pressure  and  also  against  pump  speed  at  a  chamber  pressure  of  740 
mm. 

THE  FUEL  METER. 

Reference  to  figure  8  shows  the  details  of  the  fuel-weighing  method.  A  30-gallon  tank  is 
mounted  on  a  platform  scale,  and  supplies  the  carburetor  float  chamber  through  an  overhead 
line,  by  virtue  of  a  pressure  difference  maintained  between  its  interior  and  that  of  the  carburetor 
chamber.  The  tank  is  provided  with  a  gauge  indicating  the  pressure  applied  to  the  fuel ;  and  a 
pressure  regulating  valve  in  the  line  is  adjusted  to  maintain  a  pressure  difference  between  the 
tank  and  the  chamber  of  2  pounds  per  square  inch.  After  passing  the  pressure  regulating  valve, 
the  fuel  enters  a  vapor  trapping  chamber  set  upon  the  tank,  and  from  this  point  flows  through 
a  line  of  %-inch  (o.  d.)  copper  tube  to  a  valve  and  fitting  in  the  top  wall  of  the  carburetor 
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Fig.  5. 

Diagram  of  the  pulsator  design,  showing  how  the  area  of  the  passage 
in  which  the  rotor  operates  may  be  altered  to  modify  the  magnitude 
of  the  pressure  fluctuations. 


Fig.  6. 

Diagram  of  the  pulsation  indicator.  Light  from  the  small  lamp  is  fo¬ 
cused  to  a  parallel  beam  which  is  reflect'  d  from  the  flexibly  mounted  mirror 
oscillated  by  the  diaphragm  to  an  inclined  mirror,  which  in  turn  reflects 
the  beam  to  a  graduated  screen  on  which  t  he  do  flection  of  the  light  spot  is 

read. 


Barometric  Pressure  -  mm.  fig.  and  Pump  R.P.M. 


P/of  No.  7. 
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chamber.  From  this  fitting,  the  connection  with  the  carburetor  is  completed  through  a  length 
of  airplane  fuel  hose. 

The  beam  of  the  scale  is  fitted  with  a  contact  arm,  which  upon  falling  of  the  beam  dips  into 
a  mercury  cup  and  completes  a  circuit  through  a  magnetic  apparatus  controlling  the  starting  and 
stopping  of  a  stop  watch.  Closure  of  the  circuit  through  the  watch  control  also  completes  the 
circuit  through  an  annunciator,  thus  drawing  the  attention  of  the  operator  to  the  fact  that  a  run 
has  started  or  ended,  as  the  case  may  be.  This  method  of  timing  a  weighing  possesses  the 
advantages  of  making  the  weighing  automatic,  and  eliminating  the  personal  equation  in  the 
operation  of  the  watch,  and  of  permitting  the  operator  to  devote  his  attention  to  the  controls 
and  the  making  of  observations  throughout  a  run. 

THE  MANOMETER  COLUMNS. 

A  rectangular  flange  soldered  to  the  carburetor  chamber  sheathing  carries  12  union  fittings 
to  which  are  secured  12  manometer  lines  of  } 4-inch  (o.  d.)  copper  tube.  The  union  fittings 
extend  into  the  chamber  approximately  \x/i  inch  beyond  the  walls,  and  to  them  can  be  con¬ 
nected  with  rubber  tubing  the  several  points  about  a  carburetor  at  which  it  is  desired  to  take 
pressure  observations.  The  manner  in  which  the  manometer  lines  are  carried  to  the  board 
supporting  the  columns  is  clearly  shown  in  figures  1,  3,  and  4. 

One  of  the  manometer  lines,  the  seventh  from  the  left  side  of  the  manometer  board, is  used 
to  communicate  the  chamber  pressure  to  barometer  located  at  about  the  center  of  the  board, 
to  the  left  leg  of  the  first  mercury  U  tube  and  to  the  tank  on  the  back  of  the  board.  This  tank 
contains  water,  and  forms  the  well  against  which  the  set  of  six  water  columns,  at  the  left,  are 
balanced.  The  water  columns  are  capable  of  useful  deflections  of  1,020  mm.  (40  ins.) ;  and  each  is 
provided  with  a  needle  valve  shut-off.  The  seventh  and  middle  short  water  column  has  its 
upper  end  communicating  with  the  air  space  of  the  tank  at  the  back  of  the  board  and  serves  as 
an  indicator  of  the  zero  position.  Inspection  of  figure  4  will  show  that  the  scales  of  the  water 
columns  are  mounted  to  form  a  unit  capable  of  vertical  movement  under  control  of  the  screw 
passing  through  the  header  from  which  the  columns  draw  their  water.  Thus  it  is  possible  to 
reset  the  scales  during  a  run  to  correct  for  the  displacement  of  the  zero  following  the  transfer  of 
water  from  the  tank  to  the  columns.  The  tank  is  made  of  sufficient  area  so  that  with  three 
columns  standing  full  the  error  in  observation  is  only  1  per  cent,  with  the  scales  left  in  the  zero 
position  given  them  before  deflection  of  the  columns.  Hence,  since  it  is  only  very  rarely  that 
more  than  three  columns  are  in  simultaneous  use,  and  then  at  much  less  than  maximum  deflec¬ 
tion,  the  error  in  observation  without  resetting  of  the  zero  is  ordinarily  well  within  1  per  cent. 

In  addition  to  the  six  water  columns  discussed,  and  the  main  barometer  for  indicating  the 
chamber  pressure,  the  board  includes  a  pair  of  mercury  U  tubes,  and  a  supplementary  U-tube 
barometer.  Both  legs  of  the  second  U  tube  are  capable  of  connection  within  the  chamber,  for 
making  differential  readings  not  referred  to  the  chamber  pressure,  or  for  making  plus  pressure 
observations.  The  auxiliary  barometer  tube  is  used  where  it  is  desired  to  make  direct  observa¬ 
tions  of  absolute  pressure  at  some  point  about  a  carburetor.  It  is  obvious  that  by  use  of  T 
fittings  and  tubing  within  the  chamber  the  columns  can  be  interconnected  in  any  combination 
that  may  be  required  to  fit  the  case  under  observation. 

METHOD  OF  OPERATION. 

Most  of  the  work  that  has  been  done  in  the  carburetor  testing  plant  has  been  with  special 
reference  to  the  requirements  of  certain  aeronautic  type  engines,  and  as  a  consequence  the 
weights  of  air  to  be  taken  through  the  carburetor  under  given  surrounding  conditions  have  been 
well  established  beforehand  by  direct  observations  on  the  engines  themselves  in  the  Bureau  of 
Standards’  altitude  laboratory.  This  points  out  one  of  the  chief  uses  of  the  plant,  in  that 
special  requirements  of  individual  cases,  as  well  as  the  desirable  range  of  operability  of  a  carbu¬ 
retor,  can  be  studied  in  detail  and  with  a  maximum  of  convenience  and  a  minimum  of  cost  and 
lost  motion. 


602 


ANNUM,  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


The  25-horsepower  motor  used  to  drive  the  pump  is  a  shunt  type,  and  is  provided  with 
resistances  in  the  field  circuit  for  effecting  control  of  the  pump  speed.  These  resistances  are 
shown  on  the  table  sill  in  figures  1  and  4. 

With  the  pump  in  operation,  the  amount  of  air  taken  through  the  carburetor  is  controlled 
by  (1)  the  position  of  the  carburetor  throttle,  (2)  the  position  of  the  throttling  valve  between  the 
meter  chamber  and  the  air  heater,  and  (3)  the  position  of  the  gate  valve  on  the  pump  intake, 
which  faces  the  driving  motor  beneath  the  table  and  is  controlled  by  the  wheel  at  the  table 
edge,  as  in  figure  1.  This  latter  valve  controls  the  depression  in  the  carburetor  outlet,  and  in  this 
way  the  air  taken  through  the  carburetor.  The  throttling  valve,  on  the  other  hand,  controls 
the  amount  of  air  pumped,  through  its  influence  upon  the  pressure,  and  therefore  the  density, 
of  the  air  in  the  carburetor  chamber. 

Assume  the  case  where  it  is  desired  to  take  a  given  weight  of  air  through  the  carburetor  at  a 
given  barometric  pressure  and  with  a  given  pressure  drop  in  the  carburetor  outlet,  corresponding 
to  a  run  under  partial  throttle  opening.  Having  located  a  suitable  orifice  in  the  entrance  to  the 
meter  chamber,  the  pump  intake  by-pass  valve  and  the  throttling  valve  are  adjusted  to  give  the 
required  deflection  of  the  orifice  manometer  at  the  required  chamber  pressure.  This  establishes 
the  air  flow  referred  to  the  chamber  pressure,  and  so  long  as  the  throttling  valve  remains  undis¬ 
turbed,  subsequent  adjustment  will  realize  the  one  when  the  other  is  realized.  To  complete  the 
setting  of  conditions,  the  carburetor  throttle  position  is  adjusted  in  combination  with  the  pump 
intake  by-pass,  to  give  the  required  carburetor  outlet  pressure  at  the  chamber  pressure  pre¬ 
viously  set.  When  this  is  attained,  and  it  is  very  speedily  accomplished,  all  three  pressures  are 
at  the  desired  values. 

One  of  the  chief  functions  of  the  plant  is  the  accurate  determination  of  the  ratio  of  air  to 
fuel  in  the  mixture.  Having  set  the  air  flow  and  other  conditions  incident  to  it,  as  above,  the 
weights  on  the  fuel  scale  are  adjusted  so  that  the  beam  is  about  to  drop.  When  this  occurs, 
through  removal  of  the  liquid  from  the  tank  under  demand  by  the  carburetor,  the  circuit  through 
the  watch  control  is  closed  and  the  watch  started.  The  required  weight  is  now  removed  from 
the  scale  beam,  and  the  operator  is  free  to  record  his  observations  of  pressures,  temperature, 
pulsator  speed,  and  amplitude,  and  to  maintain  the  setting,  should  this  be  required,  while 
the  run  goes  on.  When  the  predetermined  weight  of  fuel  has  been  metered  by  the  carburetor, 
the  scale  beam  again  drops,  stopping  the  watch.  A  record  of  the  time  taken  for  the  given  weight 
of  fuel  completes  the  run. 

For  convenience,  graphs  have  been  prepared  showing  the  discharges  in  pounds  of  air  per 
second  plotted  against  difference  in  pressure  for  each  of  the  several  metering  orifices  included  in 
the  equipment.  Other  charts  are  developed  for  special  cases,  and  will  be  discussed  in  detail  in 
those  reports  dealing  with  the  cases  in  which  they  are  used. 

In  general  carburetor  development  work,  that  is,  without  special  reference  to  a  particular 
engine  or  class  of  service,  the  extreme  flexibility  of  the  plant  permits  the  whole  usable  range  of 
operation  to  be  investigated  under  any  and  all  of  the  combinations  of  conditions  likely  to  be  met 
in  service. 
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PART  n. 

DISCHARGE  CHARACTERISTICS  OF  FUEL  METERING  NOZZLES  IN  CARBURETORS. 

By  Percival  S.  Tice. 


RESUME. 

The  following  report  is  a  discussion  of  experimentally  determined  variations  in  the  value 
of  the  coefficient  of  discharge  for  small  bore,  short  passages  as  used  to  meter  fuel  in  carburetors. 

Variations  in  the  overall  coefficient  (CO  are  discussed  with  respect  to  passage  diameter, 
passage  length  as  a  function  of  the  ratio  of  length  to  diameter  (L/D) ,  form  of  entrance,  and  effect 
of  change  in  fluidity  of  the  fuel  with  temperature  change. 

The  most  important  conclusion  reached  is  that  control  of  the  range  of  mixture  ratios 
delivered  by  a  carburetor  is  obtainable  throughout  the  practical  limits  of  desirability  by  simple 
selection  of  the  ratio  of  length  to  diameter  (L/D)  for  the  fuel  metering  passage,  provided  other 
conditions  remain  substantially  constant. 

DISCHARGE  CHARACTERISTICS  OF  FUEL  METERING  NOZZLES  IN  CARBURETORS. 

The  discharge  of  liquid  from  carburetor  fuel  metering  passages  or  jets  is  most  conveniently 
considered  when  the  characteristic  values  of  the  overall  coefficient  (0)  in  the  expression 
V -  2gh  are  studied.  This  expression  becomes 

TF=  60.2  C  a,  Jp  JK  (1) 

where  TT=  weight  of  fuel  discharged  in  pounds  per  minute, 

C=  a  coefficient, 

a  =  area  of  passage  in  square  inches, 

p  =  specific  gravity  of  fuel  discharged  (referred  to  water  at  60°  F.) 
h  —  head  or  pressure  drop  across  the  passage,  expressed  in  inches  of  water. 

The  value  of  C,  it  is  to  be  noted,  includes  all  losses  due  to  both  skin  friction  and  internal 
or  fluid  friction,  as  well  as  the  loss  incident  to  contraction  of  the  stream  through  the  passage, 
and  to  so-called  end  effects.  These  losses  vary  with  change  in  head  (Ji),  with  change  in  shape 
of  entrance  to  the  passage,  with  change  in  the  ratio  of  length  to  diameter  (L/D)  of  the  passage, 
and  with  the  temperature  (T)  of  the  fuel,  considering  any  one  fuel.  The  influence  of  change 
in  the  temperature  upon  the  value  of  (C)  is  the  result  of  the  change  in  viscosity  of  the  liquid 
with  change  in  temperature.  A  rise  in  temperature  is  accompanied  by  a  lowering  of  the 
viscosity  and  a  consequent  increase  in  the  value  of  the  relative  fluidity.2  Thus,  considering 
different  fuels  discharged  from  the  same  passage  at  the  same  temperature,  those  having  higher 
fluidity  values  will  possess  higher  values  for  (C)  in  equation  (1).  Obviously  those  fuels  having 
a  higher  rate  of  increase  in  fluidity  with  a  given  temperature  rise  will  also  have  a  higher  rate 
of  increase  in  the  value  of  (C).  In  general,  those  fuels  having  smaller  fluidities  possess  the 

i  This  report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  44. 
i  The  fluidity  of  a  liquid  is  the  reciprocal  of  its  viscosity.  Attention  is  called  to  plot  6,  which  is  a  plotting  of  fluidity  against  temperature  for 
a  considerable  number  of  aviation  engine  fuels,  taken  from  Bureau  of  Standards  Technologic  Paper  No.  125,  by  Winslow  H.  Herschel. 
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greater  rates  of  increase  in  fluidity  value  with  a  given  rise  in  temperature.  This  is  clearly 
shown  in  plot  6,  from  Herschel,3  and  explains  why  it  is  that  the  heavier  the  fuel  the  more  variant 
is  its  discharge  rate  with  temperature  change. 

The  general  effect  of  alteration  of  the  shape  of  the  passage  entrance  is  shown4  in  plot  1. 
Here  the  diameter  is  constant,  and  the  L/D  and  T  substantially  so,  the  only  significant  change 
being  the  breaking  of  the  sharp,  square  edge  to  a  depth  of  a  few  thousandths  of  an  inch.  Prob¬ 
ably  the  major  effect  of  this  chamfering  is  to  reduce  the  contraction  of  the  stream  in  the  entrance; 
at,  in  this  case,  heads  above  2  inches  of  water.  While  the  coefficient  (C)  has  considerably 
higher  values  with  increase  of  (h)  with  the  entrance  chamfered  in  this  way,  it  will  be  noted  also 
th?  t  its  value  varies  through  wider  limits.  This  may  or  may  not  be  desirable,  depending  upon 
surrounding  conditions  with  respect  to  the  air  flow  through  the  carburetor.  However,  cham¬ 
fering  has  this  very  practical  advantage  in  carburetor  manufacture,  that  the  angle  and  depth 
of  the  chamfer,  within  comparatively  wide  limits,  have  an  almost  negligible  effect  on  the  dis¬ 
charge;  while,  on  the  other  hand,  small  departures  from  truth  in  the  making  of  sharp  square 
edges  result  in  wide  variations  in  the  discharge.  This,  taken  with  the  great  difficulty  of  pro¬ 
ducing  duplicate  parts  having  square  edges  free  from  burr,  practically  rules  out  the  square 
edge  for  carburetor  metering  passages. 

In  plot  1,  as  in  all  the  others  with  the  exception  of  plot  5,  the  discharges  considered  were 
obtained  from  passages  having  entrances  chamfered  as  noted  in  plot  1.  Furthermore,  all  runs 
were  made  with  submerged  passages,  with  the  exception  of  two  shown  in  plot  5.  The  two 
chief  reasons  for  employing  submerged  passages  are:  The  instability  of  the  discharge  under 
very  small  heads  for  passages  discharging  into  air;  and  the  fact  that  the  jet  discharging  into 
air  is  rapidly  becoming  obsolete  in  carburetor  practice. 

Within  the  range  of  metering  passage  diameters  used  in  general  carburetor  practice  it  is 
found  that  the  value  of  ( 0 )  increases  with  increase  of  ( D ),  plot  2. 

The  effect  upon  ( C )  and  upon  the  limits  between  which  it  varies  with  change  in  the  ratio 
L/D,  are  brought  out  in  plots  3  and  4.  In  the  former,  ( C )  is  plotted  against  (h)  for  several 
values  of  L/D,  with  ( D )  a  constant.  Plot  4  is  another  form  of  expression  of  these  same  points, 
with  ( C )  plotted  against  LjD,  each  curve  being  representative  of  a  constant  value  for  ( h ). 

The  usefulness  in  practice  of  the  control  exercised  over  the  values  and  range  of  values  of 
( C )  following  control  of  the  ratio  L/D,  is  found  when  it  is  attempted  to  secure  mixture  ratio 
compensation  of  a  definite  order  of  variation,  with  a  given  range  of  controlling  values  for  ( h ). 
These  latter  will  vary  with  the  forms  given  the  air  passages,  and  with  the  general  design  of 
the  carburetor,  as  discussed  in  Parts  III,  IV,  and  V  of  this  report.  In  general,  there  is  more  or 
less  fitting  by  selection  to  be  done  in  bringing  about  the  desired  compensation  control  in  a 
carburetor;  and  plots  3  and  4  point  out  a  very  simple  way  to  accomplish  almost  any  desired 
result  in  compensation. 

A  change  in  temperature  affects  the  discharge  from  a  passage  in  two  ways — through  Its 
influence  on  the  density  ( p ),  and  by  virtue  of  the  change  in  fluidity.  It  is  obvious  from  a  con¬ 
sideration  of  equation  (1)  that  for  ordinary  variations  in  (T)  the  effect  of  the  accompanying 
change  in  (p)  is  of  no  great  consequence,  since  the  change  in  Co)  is  comparatively  small  and 
the  discharge  varies  as  -y/p . 

The  group  of  three  curves  in  plot  5,  for  gasoline  discharged  from  the  same  passage  at  three 
temperatures,  expresses  the  order  of  magnitude  of  the  effect  upon  ( C )  of  change  in  fluidity 
with  the  change  in  (T),  for  a  comparatively  long  passage,  in  which  this  effect  is  much  greater 
than  in  the  case  with  ordinary  smaller  values  for  L/D  found  in  carburetor  practice. 

a  Herschel,  Winslow  H.:  Bureau  of  Standards  Technologic  Paper  No.  125. 

<  The  experimental  data  on  which  this  report  is  based  is  selected  from  the  results  obtained  late  in  1917  and  early  in  1918,  at  Detroit,  by  P.  S. 
Tice  in  a  special  apparatus  designed  for  the  accurate  study  of  discharges  from  small-bore  passages.  For  convenience  in  reproduceability  distilled 
water  was  the  discharging  fluid  in  the  major  portion  of  the  work.  The  apparatus  includes  means  for  controlling  and  measuring  the  head  within 
narrow  limits  (at  a  head  of  1  inch  the  variations  are  less  than  plus  or  minus  0.5  per  cent,  and  are  correspondingly  less  at  greater  heads);  means  for 
controlling  the  temperature  to  within  plus  or  minus  0.25°  C.  of  the  set  value;  a  device  for  weighing  the  fluid  discharged;  an  electrically  controlled 
stop  watch  for  taking  the  time,  the  circuit  of  which  is  completed  upon  the  swinging  of  the  balance. 
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Attention  is  called  to  the  curves  in  plot  5  for  the  very  short,  square  edged  passages  discharg¬ 
ing  into  air.  Here  the  variation  in  ( C )  is  a  minimum  with  respect  to  both  (Ji)  and  ( T ).  A 
change  in  ( T )  from  24.5°  C.  to  4°  C.,  it  will  be  seen,  results  in  no  appreciable  change  in  ( C )  at 
any  one  value  of  Qi). 

CONCLUSIONS. 

(1)  Chamfering  the  entrance  of  a  fuel  metering  passage  increases  both  the  value  and  the 

range  of  values  for  the  coefficient  ( 0 )  of  discharge. 

(2)  Wide  variations  in  the  angle  and  depth  of  chamfer  at  entrance  have  almost  inappreci¬ 
able  effect  upon  ( C ),  with  respect  to  both  its  value  and  range  of  values  with  change  of  head  (h) . 

(3)  Small  variations,  due  to  burr  or  otherwise,  at  entrance  of  square  edge  metering  passages 
account  for  inadmissable  irregularities  in  discharge.  This  makes  it  highly  undesirable  to 
employ  this  form  of  entrance  where  ready  production  of  many  identically  performing  parts  is 
sought. 

(4)  Submerged  fuel  metering  passages  are  free  from  instability  and  irregularity  of  discharge 
when  the  head  ( h )  is  very  small. 

(5)  The  value  of  the  coefficient  ( 0 )  of  discharge  increases  with  increase  of  diameter  ( D )  of 
the  passage,  for  passages  of  appreciable  length. 

(6)  The  value  of  the  coefficient  (C)  of  discharge  increases,  and  its  range  of  values  decreases, 
with  decrease  in  the  length  to  diameter  ratio  (L/D). 

(7)  Suitable  selection  of  the  ratio  L/D  in  a  fuel  metering  passage  permits  of  obtaining 
almost  anv  useful  relationship  between  air  and  fuel  in  a  mixture,  other  conditions  remaining 
substantially  constant. 

(8)  The  value  of  the  coefficient  (C)  of  discharge  increases  with  the  fluidity  of  the  fuel, 
which  varies  with  the  temperature  ( T ). 

(9)  The  smaller  the  fluidity  value  of  the  fuel,  at  a  given  temperature,  the  greater  the  rate 
of  increase  of  fluidity  with  rise  of  temperature,  and  therefore  the  greater  the  rate  of  increase 
of  the  coefficient  ((7)  with  rise  in  temperature. 

(10)  Increase  in  the  ratio  LjD  serves  to  increase  the  effect  upon  the  coefficient  (C)  of 
changes  in  fluidity  following  changes  in  temperature. 

(11)  The  discharge  from  square  edged  orifices  in  thin  plates  (L/D  =  0.25  or  less)  is  inappre¬ 
ciably  affected  by  wide  variations  in  temperature  of  the  fuel. 
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PART  III. 

CHARACTERISTICS  OF  AIR  FLOW  IN  CARBURETORS.1 

By  Percival  S.  Tice. 


RESUME. 

The  following  report  is  a  discussion  of  experimentally  determined  values  of  the  coefficient 
of  discharge  for  the  air  passages,  and  of  the  loss  in  pressure  at  the  carburetor  outlet,  in  car¬ 
buretors  of  the  plain  tube  type.  These  values  are  considered,  for  the  complete  carburetor 
assembly,  with  respect  to  passage  form,  air  density,  the  admission  of  fuel  to  the  air  stream, 
and  method  of  spraying  or  dividing  the  liquid. 

The  more  important  conclusions  reached  are:  That  the  coefficient  of  discharge  has  an 
almost  constant  value  for  throat  velocities  greater  than  about  145  feet  per  second,  for  any 
one  carburetor;  that  below  a  throat  velocity  of  145  feet  per  second  the  coefficient  rapidly  be¬ 
comes  smaller;  that  considerable  variations  in  passage  form  only  slightly  modify  the  coefficient; 
that  the  coefficient  is  practically  unaltered  by  change  in  atmospheric  density,  or  by  admission 
of  fuel  to  the  air  stream;  and  that  the  pressure  loss  through  carburetors  varies  with  the  design 
of  the  passages,  and  with  the  method  of  admission  and  spraying  of  the  fuel. 

CHARACTERISTICS  OF  AIR  FLOW  IN  CARBURETORS. 

The  flow  of  air  in  a  plain  tube  carburetor  (one  having  a  single  air  passage  without  control 
other  than  the  engine  throttle  valve)  is  most  conveniently  considered  as  flow  through  a  nozzle 
having  an  infinite  area  (HJ  of  entrance,  and  in  which,  therefore,  the  pressure  at  entrance  (Px) 
is  that  of  the  surrounding  atmosphere.  Carburetors  of  this  type  always  include  a  constriction 
or  throat  in  which  the  velocity  of  the  air  is  increased  to  provide  a  drop  in  pressure  to  cause 
fuel  to  be  ejected  into  the  air  stream.  The  throat  area  is  the  least  area  of  section  along  the 
axis  of  the  air  passage.  In  such  a  case  the  weight  of  air  taken  through  the  carburetor  may  be 
written  2 

'^(FW 

where  W  =  weight  of  air  passing  in  pounds  per  second, 

C  =  experimentally  determined  coefficient  of  discharge, 

Px  =  pressure  at  entrance  in  pounds  per  square  inch,  absolute, 

Tx  =  temperature  at  entrance  in  F°,  absolute, 

A2  =  area  of  throat  in  square  inches,  and, 

P2  =  pressure  at  the  throat  in  pounds  per  square  inch,  absolute. 

This  is  the  general  expression  for  air  flow  through  a  nozzle. 

*  This  report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  45. 

*  The  subject  of  air  flow  formulae  is  very  thoroughly  considered  by  Sanford  A.  Moss  in  American  Machinist,  pp.  3C8  and  407,  Sept.  20  and  27, 1900. 
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Published  reports  of  tests  of  air  flow  through  nozzles  or  V enturi  tubes  are  few  in  number, 
unfortunately,  and  include  only  work  with  comparatively  large  tubes  (2  inches  or  more  throat 
diameter),  having  straight  axes  and  without  obstruction  at  throat  or  entrance.  These  testa 
have  resulted  in  the  assignment  of  throat  coefficient  values  ranging  from  0.94  to  0.99,  for  pas¬ 
sages  having  equal  entrance  and  exit  diameters  (Dx  and  Dz,  respectively)  and  a  throat  diameter 
(D2)  equal  to  or  less  than  0.5  Dx.  In  these  tubes  the  converging  entrance  has  been  found  to  have 
an  optimum  included  angle  never  greater  than  30°,  and  is  joined  to  the  diverging  portion  by  a 
short  cylindrical  section  comprising  the  throat,  and  having  well  rounded  junctions  with  each. 
Further,  the  diverging  down-stream  portion  or  adjutage  is  found  to  have  an  optimum  included 
angle  of  between  5°  and  7.5°. 

The  inclusion  in  a  carburetor  design  of  a  passage  possessing  the  above  general  specifications 
is  obviously  difficult  if  not  impossible.  A  consideration  of  intake  system  requirements  in  an 
engine  seems  to  preclude  the  employment  of  a  diameter  ratio  of  DJD3  =  0.5  or  less.  A  definite 
and  narrow  range  of  values  for  D3  exists  in  a  given  case;  and  a  reduction  of  throat  area  to  0.25 
that  of  the  manifold  is  inadmissible  because  of  the  requirements  of  high  charge  pumping  capacity 
in  an  engine,  and  of  maintenance  of  a  fairly  definite  range  of  heads  controlling  the  fuel  discharge. 

Considerations  of  space  available  for  the  carburetor,  of  the  desirability  of  minimum  bulk 
with  universality  of  application  of  that  device,  of  the  frequent  need  for  a  supply  of  heated  air, 
or  of  fire  prevention,  make  it  necessary  to  modify  the  entrance  by  curving  its  axis  more  or  less 
abruptly,  and  make  it  higldy  desirable  to  increase  the  included  angle  of  the  adjutage.  Then,  too, 
fuel  must  be  admitted  to  the  throat  to  secure  proper  metering  relations;  and  this  calls  for  obstruc¬ 
tions  in  the  form  of  jets  and  their  supporting  bosses.  A  throttle  valve  must  be  included  for 
engine  control. 

Taking  these  points  all  together,  it  is  reasonably  to  be  expected  that  the  air  flow  in  a  car¬ 
buretor  will  have  a  different  and  smaller  efficiency  figure  or  coefficient  than  obtains  for  the 
simple  passage  of  optimum  form. 

The  work,  of  which  the  following  is  a  summary,  was  done  in  the  Bureau  of  Standards 
carburetor  testing  plant,3  and  was  undertaken  to  determine  experimental  values  for  the  coefficient 
of  discharge  ( C )  in  equation  (1),  for  rather  widely  differing  examples  of  carburetors  of  the  plain 
tube  form.  The  whole  carburetor  was  employed  in  each  case,  as  installed  on  the  engine,  the 
object  being  to  determine  effective  values  of  the  coefficient  for  the  carburetor  as  a  whole,  rather 
than  corresponding  values  for  the  throat  member  alone  and  removed  from  its  service  environ¬ 
ment.  These  latter  are,  in  general,  fictitiously  high  referred  to  service  conditions,  as  is  shown 
in  the  results. 

The  carburetors  used  are  referred  to  in  the  following  as  carburetor  A,4  figure  1,  and  car¬ 
buretor  B,4  figure  2.  The  essential  dimensions  of  the  throat  members  of  these  two  carburetors 
are  given  in  the  diagrams  and  data  of  figure  3,  together  with  those  for  an  air  nozzle  of  approxi¬ 
mately  optimum  form. 

Carburetors  A  and  B  were  designed  for  use  on  the  same  engine,  in  which  three  cylinders, 
5-inch  bore  by  7-inch  stroke,  are  supplied  by  each  throat.  The  air  taken  by  these  cylinders 
at  1,700  r.  p.  m.  under  full  throttle  opening,  at  the  several  barometric  pressures,  is  shown 
graphically  in  plot  4,  in  which  are  also  shown  the  corresponding  air  densities  at  the  mean  tem¬ 
perature  of  the  tests  (62.8°  F.),  and  the  altitudes  in  feet  equivalent  to  these  densities.5  The 
quantities  of  air  read  from  the  curve  of  plot  4  are  the  maxima  taken  through  the  carburetors 
in  these  tests;  and  the  lesser  quantities  taken  to  complete  the  description  of  the  coefficient 
variations  were  secured  by  throttling  the  air  supply  to  the  carburetor  chamber.  For  convenience 
in  manipulation,  the  carburetor  throttles  were  kept  fully  opened  throughout  the  tests,  since  it 

»  A  fully  illustrated  description  of  the  Bureau  of  Standards  carburetor  testing  plant  is  given  in  Part  I  of  this  report. 

« Carburetor  A  is  the  Zenith  Carburetor  Co.’s  dual  design  used  as  equipment  on  large  engines.  It  is  fitted  with  a  throat  member  having  a 
minimum  bore  of  31  mm.  (1.22  inches),  and  is  compensated,  as  are  all  Zenith  carburetors,  by  compounding  the  nozzles. 

Carburetor  B  is  an  experimental  design  by  the  Stewart-Wamer  Speedometer  Corporation,  developed  to  possess  inherent  mixture  compensation 
for  altitude.  It  has  a  throat  of  1.312  inches  minimum  bore,  and  is  compensated  by  balancing  the  float  chamber  pressure  against  that  at  the  throat 
outlet. 

Note.— It  was  intended  to  include  other  carburetors  in  this  portion  of  the  work,  but  owing  to  structural  and  design  peculiarities  in  those  others 
that  were  available  it  was  impossible  to  obtain  for  them  coefficient  values  directly  comparable  with  those  for  the  simpler  structures  here  described. 

«  A  complete  discussion  with  curves  giving  the  relations  of  pressure,  temperature,  and  density  with  altitude  forms  a  portion  of  Part  V  of  this 
report. 

167080— S.  Doc.  307, 65-3 - 39 
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had  been  determined  in  preliminary  work  that  reduction  of  air  flow  by  throttle  closure  had 
no  measurable  effect  upon  the  coefficient  value,  as  compared  with  reduction  of  air  flow  following 
manipulation  of  the  pump  of  the  plant. 

Pressures  were  read  in  the  carburetor  chamber  of  the  testing  plant,  at  the  narrowest  portion 
of  the  throat,  and  in  the  outlet  passage  a  short  distance  above  the  carburetor  attaching  flange, 
as  shown  in  figures  1  and  2;  and  the  temperature  of  the  air  entering  the  carburetor  was  also 
read.  The  tests  were  carried  out  at  barometric  pressures  of  750,  550,  and  350  mm.  of  mercury, 
giving  atmospheric  densities  corresponding  to  altitudes  above  the  earth’s  surface  of  200  feet, 
10,250  feet,  and  25,800  feet,  respectively. 

More  fully  to  describe  the  performance,  runs  were  made  both  with  and  without  fuel  dis¬ 
charging  from  the  carburetor  nozzles,  under  the  several  rates  of  air  flow  described  above.  This 
permitted  a  determination  of  the  effects  of  entraining  the  fuel  of  the  mixture  in  the  air  stream. 
The  results  of  the  observations  are  shown  in  plot  5  and  those  following  it. 

Of  the  two  coefficient  curves,  plots  5  and  6,  that  for  carburetor  A  possesses  higher  values 
throughout,  neglecting  those  for  depressions  of  less  than  1  inch  of  water.  Also,  there  is  less 
falling  off  in  the  coefficient  for  differences  of  pressure  less  than  about  20  inches  of  water. 
The  effect  upon  the  coefficient  of  discharging  fuel  into  the  air  stream  is  practically  negligible  in 
both  cases  and  is  represented  by  small  irregularities.  A  further  point  is  the  practical  identicality 
of  the  coefficient  values  accompanying  given  throat  pressure  drops,  for  the  several  air  densities 
included. 

A  consideration  of  the  results,  together  with  the  passage  forms  in  the  two  carburetors,  shows 
that  only  small  variations  in  the  coefficient  values  are  to  be  expected  within  the  limits  of  form 
that  may  be  designated  as  reasonably  good.  In  the  present  two  cases  the  differences  at  maxi¬ 
mum  air  flows  are  quite  small,  being  1.1  per  cent  at  750  mm.  pressure,  1.2  per  cent  at  550,  and 
1.3  per  cent  at  350  mm.  All  other  conditions  in  aircraft  service  include  throttle  closure,  and 
the  throat  performance  then  ceases  to  be  a  controlling  factor,  except  in  so  far  as  it  has  a  bearing 
on  the  mixture  ratio. 

The  coefficient  curves  of  plots  5  and  6  are  directly  compared  with  like  curves  for  carburetor 
throat  members  alone,  in  plot  7.  The  carburetor  curves  are  lower  in  value,  but  show  no  im¬ 
portant  change  in  characteristic,  as  a  result  of  inclusion  of  jets  (with  their  bosses)  and  of  the 
carburetor  entrance  passages. 

Of  equal  interest  with  the  coefficient  values  is  a  study  of  the  pressures  in  the  carburetor 
outlet.  It  is  clear  that  the  output  of  an  engine  is  a  direct  function  of  this  pressure,  hence  it  is 
important  to  have  its  value  as  great  as  possible  under  the  condition  of  open  throttle. 

A  drop  in  pressure  at  the  carburetor  outlet,  compared  with  the  pressure  at  entrance,  results 
chiefly  from  skin  friction  and  internal  or  fluid  friction  in  the  air  stream.  The  latter  loss  is 
augmented  by  turbulence,  and  this  last  is  much  increased  in  a  passage  by  the  introduction  of 
bends,  jets  with  protruding  supporting  bosses,  the  discharge  of  fuel,  throttle  valves,  and  the 
like.  Therefore,  for  a  given  outlet  area,  the  pressure  at  outlet  (P3)  will  be  chiefly  inversely 
functional  with  the  rates  of  motion  in  the  stream,  and  since  the  coefficient  value  for  a  tube 
depends  mainly  upon  its  dimensional  relationships,  it  is  not  necessarily  the  case  that  a  high  ( C ) 
value  be  accompanied  by  a  correspondingly  high  value  of  (P3). 

The  curves  in  the  lower  portions  of  plots  5,  6  and  7  give  the  outlet  pressure  expressed 
as  a  percentage  of  that  at  entrance  (PJPX),  for  carburetors  A  and  B  and  the  several  separate 
throat  tubes  examined. 

Referring  to  plot  7,  it  appears  that  the  curves  for  the  throats  C  and  D  are  very  closely 
related  when  compared  on  the  basis  of  equal  mass  flow  per  unit  area,  in  spite  of  the  considerable 
discrepancy  in  their  area  relationships  ( A2/A3 ),  being  0.430  for  tube  C  and  0.212  for  tube  D. 
Considering  these  throats  as  applied  to  the  same  engine  and  passing  the  same  quantity  of  air 
in  unit  time,  the  tube  D  is  distinctly  inferior  to  tube  C  with  respect  to  the  recovery  of  pressure  at 
outlet. 
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The  curve  for  carburetor  A,  plot  7,  having  a  tube  of  the  same  general  form  as  throats  C 
and  D,  and  with  (AJAa)  equal  to  0.360,  is  superior  at  high  specific  rates  of  discharge,  even 
though  it  includes  a  jet,  bosses,  a  curved  axis  of  entrance,  and  a  throttle  valve.  It  may  be  that 
tube  A  possesses  more  nearly  the  optimum  dimensions,  considering  its  form,  for  the  conditions 
than  either  tube  C  or  D ;  but  this  is  not  likely,  considering  the  whole  data  from  this  work.  Since 
mere  change  in  the  area  relationship  has  only  a  very  small  effect  upon  (Pa)  at  a  given  specific 
discharge,  and  since  for  a  given  specific  discharge  the  skin  friction  in  like  passages  will  be  sub¬ 
stantially  constant,  it  seems  probable  that  the  increase  in  (P3)  in  carburetor  A,  compared  with 
tubes  C  and  D  at  high  specific  discharges,  is  accounted  for  on  the  ground  of  a  suppression  of 
turbulence  in  the  stream. 

In  carburetor  A  there  are  two  jets,  one  within  the  other,  and  from  the  annular  passage  thus 
formed  is  discharged  a  column  of  air.  The  effect  of  such  a  cloumn  of  air  issuing  into  the  throat 
parallel  with  the  general  line  of  flow,  will  be  to  suppress  eddying  in  the  wake  of  the  nozzle  and 
its  boss,  and  thus  accomplish  a  rise  in  pressure  in  the  air  stream.  Since  at  large  throat  pressures 
small  volumes  of  air  will  pass  through  the  nozzle,  the  suppression  of  turbulence  by  the  nozzle 
air  column  will  be  smaller  than  at  low  throat  pressures,  corresponding  to  high  rates  of  discharge. 

Continuing  with  plot  7  and  considering  the  curves  for  carouretor  B  and  its  throat,  the  imme¬ 
diately  foregoing  statements  are  seen  to  be  supported  very  fully,  since  in  this  case  the  column 
of  air  admitted  by  the  nozzle  has  several  times  the  cross-sectional  area  of  that  in  carburetor  A. 
This  is  included  in  the  carburetor  design  for  the  primary  purpose  of  assisting  in  securing  a  fine 
division  or  spraying  of  the  fuel. 

In  the  observations  on  the  throats  alone,  no  air  was  admitted  as  by  the  nozzles.  I  e 
greater  values  of  the  curve  for  throat  B,  compared  with  those  for  tubes  C  and  D,  is  explained  in 
great  measure  by  the  more  favorable  adjutage  form,  with  respect  to  the  maintenance  of  line  flow. 

The  foregoing  on  the  effect  of  inclusion  in  a  carburetor  design  of  a  column  of  air  discharging 
from  the  nozzle  is  further  illustrated  by  the  outlet  pressure  curves  for  carburetors  A  and  B, 
plots  5  and  6.  The  increase  in  (P3)  for  carburetor  B  as  compared  with  carburetor  A  is  greatest 
at  the  greatest  atmospheric  pressure,  and  becomes  less  as  the  pressure  is  reduced. 

Admission  of  fuel  to  the  air  stream  in  all  cases  causes  the  value  of  (P3)  to  suffer  a  loss,  plots 
5  and  6.  It  is  pointed  out  that  this  is  functional  with  both  the  quantity  of  fuel  and  with  the 
mode  of  spraying.  It  seems  that  the  latter  is,  in  general,  of  the  greater  consequence,  and  that 
utilization  of  a  column  of  air  of  appreciable  sectional  area  in  the  nozzle,  to  assist  division  of 
the  liquid,  improves  the  efficiency  of  the  spraying  device  with  respect  to  the  amount  of  energy 
used  in  accomplishing  the  spraying. 

CONCLUSIONS. 

(1)  The  coefficient  of  discharge  for  any  one  of  the  carburetor  passages  tested  has  an  almost 
constant  and  maximum  value  for  effective  throat  velocities  greater  than  about  150  feet  per 

second.  ,  ,  ,  r 

(2)  The  value  for  the  coefficient  of  discharge  for  the  carburetor  passages  tested  lies 

between  0.82  and  0.85,  under  service  conditions.  These  valves  are  probably  typical  of  reason¬ 
ably  well  formed  passages  of  similar  type. 

(3)  The  coefficient  of  discharge  for  carburetor  passages  of  this  type  is  apparently  only 
slightly  modified  as  a  result  of  considerable  changes  in  passage  form,  with  respect  to  angles  of 

entrance  and  adjutage.  .  .  ,  ,  . , 

(4)  The  coefficient  of  discharge  for  a  carburetor  passage  is  practically  unaffected  by  wide 

variations  in  atmospheric  density  (less  than  1  per  cent  maximum  variation  between  the  density 

limits  of  0.075  and  0.035  pounds  per  cubic  foot). 

(5)  The  coefficient  of  discharge  for  a  carburetor  passage  is  practically  unaffected  by  the 
introduction  of  fuel  to  the  air  stream  (fuel  discharge  introduces  irregularities  not  to  exceed 

plus  or  minus  1  per  cent).  t 

(6)  The  pressure  loss  in  the  carburetor  outlet  changes  with  the  turbulence  or  internal  motion 

of  the  air  stream.  .  .  ,  ...  , 

(7)  The  pressure  loss  in  the  carburetor  outlet  changes  with  the  quantity  of  fuel  admitted 

to  the  air  stream,  and  with  the  method  of  dividing  the  fuel  by  spraying. 
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PART  IV. 

EFFECTS  OF  PULSATING  AIR  FLOW  IN  CARBURETORS.1 

By  Feecival  S.  Tice  and  H.  C.  Dickinson. 


a 

RESUME. 

The  following  report  is  offered  as  an  indication  of  the  order  of  magnitude  of  the  variations 
in  fuel  metering  and  in  effective  carburetor  capacity  resulting  from  modifications  of  both  the 
period  and  amplitude  of  the  intake  system  pulsations.  Experimental  results  with  two  car¬ 
buretors  possessing  widely  differing  metering  structures  are  briefly  discussed. 

As  a  result  of  the  work  done,  it  is  concluded:  (1)  The  effect  upon  carburetor  capacity  of 
usual  rates  and  amplitudes  of  intake  pulsations  is  so  small  as  to  be  practically  negligible;  and 
(2)  the  metering  is  affected  sufficiently  to  warrant  that  pulsation  rate  and  amplitude  be  taken 
into  account  in  developing  the  fitting  of  a  carburetor  to  an  engine. 

EFFECTS  OF  PULSATING  AIR  FLOW  IN  CARBURETOR. 

In  aircraft  service  it  is  the  accepted  rule  that  not  more  than  four  engine  cylinders  be  sup¬ 
plied  with  mixture  by  a  single  carburetor.  The  usual  arrangements  are:  A  single  carburetor 
for  engines  having  4  cylinders  or  less,  2  carburetors  symmetrically  disposed  for  6  and  8  cylinder 
engines,  and  4  carburetors,  also  symmetrically  disposed  for  engines  of  12  and  16  cylinders. 
Each  carburetor  supplies  either  3  or  4  cylinders. 

It  may  be  taken  that  such  a  carburetor  disposal  has  come  to  be  the  accepted  one  because 
with  it  the  engine  volumetric  efficiency  is  slightly  higher  than  where  a  carburetor  is  made  to 
serve  a  greater  number  of  cylinders.  The  demand  of  one  cylinder  is  not  overlapped  by  that 
of  another,  in  the  carburetor  and  manifolding,  with  such  an  arrangement;  and,  in  all  proba¬ 
bility,  in  the  present  state  of  manifold  design,  charge  distribution  is  also  somewhat  simplified. 
But  aside  from  the  results  experienced  with  respect  to  volumetric  efficiency,  or  with  respect  to 
qualitative  or  quantitative  charge  distribution,  it  is  worthy  of  note  that  both  the  period  and 
amplitude  of  the  pressure  fluctuations  in  the  intake  system  are  made  greater  than  in  the  case 
where  more  cylinders  are  served  by  a  carburetor.  The  pressure  fluctuations  or  pulsations  in 
the  intake  passages  have  an  interesting  bearing  on  the  metering  performance  of  the  carburetor. 

At  the  outset  it  must  be  stated  that  no  generally  applicable  analysis  of  the  effects  of  pul¬ 
sating  flow  in  a  carburetor  is  possible,  since  each  combination  of  carburetor-intake  piping  and 
engine  cylinders  constitutes  a  separate  and  special  case. 

The  following  matter,  based  upon  the  results  of  a  small  group  of  observations  in  the 
Bureau  of  Standards  carburetor  testing  plant,  is  offered  as  an  indication  of  the  order  of  magni¬ 
tude  of  the  variations  in  fuel  metering  and  in  effective  carburetor  capacity  resulting  from 
modification  of  both  the  period  and  amplitude  of  the  intake  pulsations.  The  experimental 
results  apply  only  to  the  case  of  a  given  short  length  (15  inches)  of  straight  pipe  serving  as  the 
carburetor  outflow  passage,  between  the  carburetor  flange  and  the  pulsator  spindle. 

Manifold  branchings  between  the  several  cylinders  of  an  engine  and  the  common  carburetor 
outflow  passages  have  an  important  bearing  on  the  nature  of  the  pulsations  in  the  latter  and 

»  This  report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  46. 
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Fig.  2. 
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in  the  carburetor.  Opportunity  has  not  as  yet  presented  itself  for  an  experimental  study  of 
this  phase  of  the  problem;  but  special  apparatus  in  which  the  work  can  be  done  is  now  con¬ 
templated,  and  it  is  hoped  to  report  on  the  whole  subject,  and  in  considerable  detail  at  some 
future  date. 

Owing  to  the  arrangement  of  the  carburetor  testing  apparatus  in  which  the  present  work 
was  done,  pulsations  occurred  in  the  air-metering  orifice  with  carburetor  chamber  pressures 
greater  than  580  mm.  of  barometer  column.  Since  it  is  essential  that  the  air  meter  be  undis¬ 
turbed,  the  runs  here  recorded  were  made  with  the  chamber  throttled  to  500  mm.,  this  being 
sufficient  throttling  to  insure  steady  flow  through  the  metering  orifice. 

Two  carburetors,  A  and  B  (figs.  1  and  2),  were  run  under  the  condition  of  full  load  at  an 
atmospheric  pressure  of  500  mm.  Reference  runs  were  made  with  steady  flow  in  each  case. 
Pulsating  flows,  ranging  in  period  from  600  to  4,200  per  minute,  were  then  induced,  with  the 
same  weight  of  air  passing  in  unit  time;  and  observations  of  pressures  and  mixture  ratio  were 
obtained  for  each  increment  of  pulsation  rate.  Three  amplitudes  of  pulsation  were  included: 
The  minimum  possible  with  the  apparatus,  an  intermediate  value,  and  the  maximum  possible. 
Both  carburetors  were  operated  under  identical  conditions  of  both  period  and  amplitude  of 
the  pulsations. 

The  observations  of  chamber,  throat  and  outlet  pressures  result  in  the  curves  of  coeffi¬ 
cients  of  discharge  and  of  pressure  recovery  ratios  (Pg/PJ  in  plots  3  and  4;  and  observations 
of  the  fuel  discharge  permit  a  like  statement  of  the  effects  of  pulsations  upon  the  metering  or 
charge  proportioning. 

At  the  time  this  work  was  done,  it  was  impossible  to  record  the  amplitudes  of  the  pulsa¬ 
tions.  However,  it  may  be  taken  that  the  minimum  amplitude  used  was  a  reasonably  close 
approach  to  the  condition  of  a  single  carburetor  supplying  eight  or  more  cylinders,  while  the 
maximum  amplitude  approached  that  experienced  when  a  single  carburetor  supplies  only  three 
cylinders,  whose  pumping  strokes  are  disposed  symmetrically. 

In  discussion  of  the  curves  of  plots  3  and  4  it  should  be  pointed  out  that  those  of  the  coeffi¬ 
cients  of  discharge  are  of  no  great  significance  as  a  measure  of  carburetor  capacity.  They  have 
an  important  bearing,  however,  on  the  metering,  and  on  the  case  where  the  carburetor  throat 
is  being  utilized  as  an  air  meter,  as  is  sometimes  done  in  experimental  and  development  work. 

It  may  be  taken  that  the  curves  of  pressure  recovery  ratio  (PjPt)  more  nearly  describe 
the  changes  in  effective  capacity  with  change  in  period  and  amplitude  of  the  pulsations.  In 
each  of  the  carburetors,  it  will  be  noted,  the  period  or  pulsation  rate  is  of  greater  importance 
than  is  the  amplitude  or  pressure  variation.  In  the  set-up  used,  the  maximum  deviation 
occurs  in  both  cases  at  a  pulsation  rate  of  about  3,100  per  minute.  The  curves  approximate 
the  sine  wave  in  form,  as  a  result  of  resonance  effects  in  the  passages. 

In  any  case,  within  the  limits  of  the  work,  the  maximum  variation  in  effective  capacity  as 
a  result  of  pulsating  flow,  is  of  the  order  of  one-half  of  1  per  cent. 

As  would  be  expected,  the  metering  is  somewhat  more  importantly  affected,  depending 
upon  the  interrelation  of  parts  and  passages  controlling  it.  Thus,  in  carburetor  A,  where  only 
changes  in  throat  pressure  effect  the  fuel  flow,  the  metering  is  only  little  disturbed,  and  that 
consistently  with  the  change  in  apparent  throat  coefficient.  In  carburetor  B,  on  the  other 
hand,  where  both  the  throat  and  the  float  chamber  pressure  are  subject  to  separate  modifica¬ 
tion  by  the  pulsations,  the  result  is  quite  different.  The  mean  value  of  the  mixture  ratio  over 
a  considerable  range  of  period  is  that  found  under  steady  flow  conditions.  But  the  ratio  varies 
harmonically  through  fairly  wide  limits  as  the  pulsation  period  is  changed. 

In  conclusion  it  can  be  stated,  in  the  light  of  the  little  work  done,  that  (1)  the  effect  upon 
carburetor  capacity  of  used  rates  and  amplitudes  of  pulsation  is  so  small  as  to  be  practically 
negligible,  and  that  (2)  the  metering  is  affected  sufficiently  to  warrant  that  pulsation  rate  and 
amplitude  be  taken  into  account  in  developing  a  fitting  of  a  carburetor  to  an  engine.  In  final 
word,  the  amplitude  of  pressure  pulsation  is  reduced  to  negligibility  upon  throttling  to  between 
0.5  and  0.6  of  the  full-load  air  capacity  in  a  carburetor. 
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PART  V. 

NATURAL  AND  REQUIRED  METERING  CHARACTERISTICS  OF  CARBURETORS.1 

By  Pekcival  S.  Tice. 


RESUME. 

The  following  report  is  a  discussion  of  the  theoretical  and  experimental  mixture  proportion¬ 
ing  characteristics  of  carburetors  as  applied  to  the  conditions  of  aircraft  service;  and  chiefly 
considers  the  weight  relationship  of  air  to  fuel  in  the  mixture  with  respect  to  varying  atmospheric 
pressure  and  temperature.  Since  a  statement  of  carburetor  performance  is  of  little  value  in 
the  absence  of  a  corresponding  statement  of  what  is  required,  it  has  seemed  advisable  to  group 
carburetor  performance  with  engine  requirements,  and  consider  the  two  together.  It  is  thought 
that  the  present  treatment  of  these  two  really  distinct  matters  is  fully  justified  in  the  absence  of 
any  prior  definition  of  what  constitutes  the  optimum  performance  of  a  carburetor. 

The  experimental  work  on  which  the  report  is  based  includes  investigations  of  aircraft 
engines  and  their  requirements  and  of  five  carburetors,  between  the  limits  of  mean  annual 
pressure  at  ground  level  and  that  corresponding  approximately  to  30,000  feet  altitude.  Com¬ 
pensation  characteristics  of  three  of  the  carburetors  are  studied  in  detail,  at  each  of  several 
atmospheric  pressures,  at  all  loads  under  throttle  between  full  load  and  one-tenth  load,  corre¬ 
sponding  to  idling  of  the  engine. 

A  new  type  of  carburetor  possessing  almost  complete  inherent  altimetric  compensation 
is  included  and  its  performance  analyzed. 

With  respect  to  engine  requirements,  the  more  important  conclusions  reached  are:  (1)  The 
mixture  ratio  for  maximum  power  is  practically  a  constant  (at  about  15  for  the  gasoline)  at  all 
air  densities;  (2)  the  optimum  mixture  ratio,  considered  from  the  standpoint  of  maximum  fuel 
economy,  is  not  constant,  but  decreases  with  the  atmospheric  density;  and  (3)  the  optimum 
mixture  must  be  increasingly  richer  in  fuel  at  part  loads  under  throttle  than  under  full  throttle. 

With  respect  to  natural  carburetor  performance,  it  is  concluded :  (1)  The  ordinarily  employed 
variations  in  structure  and  in  method  of  fuel  control  in  carburetors  effect  inappreciable  modi¬ 
fications  of  the  altimetric  compensation;  (2)  the  ordinarily  employed  variations  in  carburetor 
structure  and  in  method  of  fuel  control  very  materially  modify  the  mixture  ratio  with  load 
change  under  throttle;  and  (3)  a  plain- tube  carburetor  without  moving  parts  controlling  the 
fuel  discharge  can  be  made  to  give  a  working  approximation  to  complete  altimetric  correction 
of  the  mixture. 

NATURAL  METERING  CHARACTERISTICS. 

In  aircraft  service  the  outstanding  causes  of  variation  in  mixture  proportioning  in 
carburetors  are  change  in  atmospheric  pressure,  change  in  atmospheric  temperature,  and  change 
in  load.  It  must  be  pointed  out  that  the  direction  and  extent  of  the  variation  with  load  depends 
upon  the  design  of  the  carburetor,  and  is  capable  of  control  independently  of  the  atmospheric 
pressure  or  temperature. 

Referred  to  altitude  in  feet  above  the  earth’s  surface,  the  curves  of  plot  1  give  the  mean 
annual  pressures  and  temperatures  for  the  United  States,  from  observations  by  the  United 
States  Weather  Bureau.  The  density  curve  of  plot  1  is  computed  from  the  values  of  the  curves 

‘This  report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  47. 
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of  pressure  and  temperature  (P=2.700  P/27).  Obviously,  during  any  one  day  or  in  the 
course  of  any  one  flight,  observed  pressures  and  temperatures  may  be  widely  variant  from  those 
given,  and  may  not  have  the  same  variation  with  altitude  as  here  shown,  owing  to  local 
meteorological  conditions. 

The  following  notation  is  used  throughout  this  report: 

TT=weight  of  air  pumped  in  pounds  per  second. 
w=Weight  of  fuel  discharged  in  pounds  per  second. 
iV=e ngine  r.  p.  m. 
y=velocity  of  air  in  feet  per  second. 

P=atmospheric  •  density  in  pounds  per  cubic  foot. 

P=atmospheric  pressure  in  pounds  per  square  inch,  absolute. 

T=atmospheric  temperature  in  F°  absolute. 

R=  ff/v;=ratio  of  air  to  fuel  in  the  mixture, 
subscript  0=values  of  the  above  at  ground  level, 
subscript  x=values  of  the  above  at  an  altitude  above  ground  level. 

NATURAL  ALTIMETRIC  COMPENSATION. 


In  the  operation  of  an  engine  under  open  throttle,  the  weight  of  air  charge  pumped  varies 
directly  with  the  speed  of  rotation  and  with  the  atmospheric  density,  TFoc  NP.  Other  things 
being  equal,  the  indicated  power  developed  varies  directly  with  the  weight  of  air  pumped. 
The  air  taken  at  an  altitude  x,  in  terms  of  that  taken  at  zero  altitude  0,  is  expressed 


FX=TF0 


N0P0 


x  p*=w. 


NXPXT0 
N0 P0TX 


Since  it  is  required,  for  the  development  of  maximum  poweri  2  (plot  3) ,  that  the  mixture  ratio 
be  maintained  at  a  constant  value  for  all  air  densities,  the  desirable  fuel  discharge  characteristic 
in  a  carburetor  is  written 


NXPXT0 

NJ>,TX 


But  the  discharge  of  fuel  from  a  carburetor  metering  port  is  proportional  to  -yjNP  under  open 
throttle,3  hence  the  natural  discharge,  without  control  devices,  at  an  altitude  x  is  represented  by 


wx 


t 


where  change  in  the  fuel  temperature  has  a  negligible  effect  on  the  discharge  from  the  metering 
passage,  as  in  an  orifice  in  a  thin  plate.4 

The  result  is  an  increased  fuel  content  in  the  mixture  with  reduced  atmospheric  pressure; 
and  the  enrichment  at  an  altitude  x  is  given  by 


Bo _ 1  _  IFqWx 

lix  ~w0Wx 


/N0  P0TX  ,  Tx  /N0P0 
V Nx  Px  T0  1~T0\nxPx 


This  natural  enrichment  is  plotted  against  atmospheric  density  in  pounds  per  cubic  foot  in 
plot  2,  for  the  case  of  constant  temperature  (TX=T0),  and  for  that  in  which  both  pressure 
and  temperature  vary  as  in  plot  1.  For  the  sake  of  simplicity  and  because  the  value  of  V NJ Nx 
is  always  very  nearly  unity  (not  exceeding  about  1.06  for  the  ordinary  ranges  of  density  change 
usual  in  flight),  this  term  is  neglected  in  the  plottings.  Plot  2  also  includes  curves  of  R  for 
the  two  cases,  assuming  a  value  of  20  at  the  ground.  (For  reasons  for  selection  of  this  value, 
see  the  following  on  specific  consumption.) 


i  The  carves  in  the  upper  portion  of  plot  3  are  from  results  obtained  with  an  Hispano-Suiza  150-horsepower  engine  in  the  Bureau  of  Standards 
lltitude  laboratory.  Several  carburetors,  quite  different  among  themselves,  were  included  in  the  tests  and  are  represented  in  the  curves. 

*  For  any  value  of  the  relative  load,  as  at  open  throttle,  W /P=  V=a  constant;  hence  Ps/P= a  constant  (where  P3  is  the  carburetor  throat  pressure) 
and  the  metering  head,  P— Pj,  is  proportional  to  Px.  The  quantity  of  fuel  discharged  thus  varies  as  But  -JP-Pt  Is  directly  as  the  velocity, 

which  is  also  directly  as  the  engine  speed,  N*.  Therefore,  the  fuel  discharge  will  be  proportional  to  V NP7. 

4  See  Part  II  of  this  report  for  a  brief  summary  of  the  effects  of  fuel  viscosity  change  with  temperature  change. 
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Considering  ordinary  carburetor  mountings  on  aircraft,  it  appears  that  the  carburetor  air 
supply  will  always  be  at  a  temperature  somewhat  above  that  of  the  atmosphere.  In  fact,  in 
many  cases,  the  change  in  carburetor  air  temperature  will  be  relatively  small  throughout  a 
flight,  even  though  great  altitudes  are  attained.  Thus  it  may  be  taken  that  the  curves  of 
plot  2  for  a  constant  carburetor  air  temperature  more  nearly  describe  the  enrichment  rates 
to  be  expected  in  service  than  do  those  where  the  carburetor  air  temperature  is  that  of  the 
atmosphere. 

FUEL  VISCOSITY. 

In  further  discussion  of  plot  2,  it  should  be  pointed  out  that  a  carburetor  may  have  a  fuel 
metering  orifice  the  discharge  from  which  is  considerably  affected  by  change  in  the  viscosity 
of  the  fuel  with  temperature  change.  So  great  is  the  viscosity  control  of  the  discharge  for 
large  length  to  diameter  ratios  in  the  jet,  that  it  is  possible  to  select  a  jet  proportion  which 
will  largely  correct  the  mixture  ratio  under  the  variations  in  temperature  of  plot  1.  But  since 
the  adventitious  changes  in  temperature  of  the  atmosphere  during  any  flight  are  not  neces¬ 
sarily  orderly,  and  do  not  necessarily  follow  the  annual  mean  of  plot  1,  such  correction  can 
not  be  relied  upon.  The  daily  or  even  hourly  temperature  variation  at  any  one  level  may  be 
as  much  as  50  per  cent  of  the  total  variation  of  the  annual  mean  between  ground  and  15,000 
feet  altitude. 

However,  mixture  ratio  variations  with  fuel  viscosity  change 4  must  be  considered  in 
aircraft  carburetor  performance  if  the  carburetor  is  subjected  to  considerable  temperature 
variations,  since  the  development  of  load  compensation  in  carburetors  almost  always  includes 
jet  modifications  in  which  the  viscosity  effect  is  not  inappreciable. 

FUEL  CONSUMPTION  AND  POWER. 

In  the  B.  M.  E.  P.  —  mixture  ratio  diagram  of  plot  3  appears  the  ratio  curve  of  plot  2  for 
Tx  =  T0;  and  below  are  given  B.  M.  E.  P.  vs.  density  curves  corresponding  to  this  mixture  ratio 
variation  and  to  the  constant  maximum  power  ratio  of  15.  The  relative  specific  consumption 
(relative  lb./h.p./hr.)  curve  for  the  natural  ratio  variation,  considered  together  with  the  natural 
and  the  maximum  B.  M.  E.  P.  curves,  brings  out  clearly  that  the  major  effect  of  the  natural 
enrichment  in  a  carburetor  is  not  so  much  represented  by  a  failure  in  the  development  of 
power  as  by  a  loss  in  fuel  economy.  This  amounts  to  50  per  cent  at  an  atmospheric  density 
of  0.030  pound  per  cubic  foot. 

For  the  attainment  of  maximum  indicated  fuel  economy,  the  specific  consumption  must 
be  maintained  constant  at  all  air  densities.  The  natural  discharge  of  fuel,  wx,  must  hence 
be  reduced  to  wx',  and  the  relative  reduction  in  fuel  discharge  is  represented  by 

wx-wx  ,  [Px  ,  Px 

— =  l-ypo,  where  wx'  =  w0pr , 

the  change  in  speed  being  neglected  and  Tx  taken  as  equal  to  T0. 

Considering  only  the  engine  and  its  behavior,  the  specific  fuel  consumption  (in  pounds 
per  I.  H.  P.  per  hour)  F{,  on  the  basis  of  the  indicated  mean  effective  pressure,  Pi,  varies  only 
inversely  as  the  value  of  the  mixture  ratio.  Thus  the  indicated  economy  of  an  engine  goes  on 
increasing  right  up  to  the  superior  or  maximum  air/fuel  limit  of  combustibility  of  the  charge. 

But  the  usefulness  of  an  engine  is  proportional  to  its  brake  mean  effective  pressure  in 
pounds  per  square  inch,  Pb;  and  the  value  of  Pb  is  not  a  definite  function  of  P{.  As  a  conse¬ 
quence  it  is  impossible  to  write  a  general  expression  for  the  brake  specific  consumption,  n, 
without  including  empirical  Pb  values.  However,  having  experimental  data  describing  the 
relationships  between  Pb  and  B,  the  optimum  values  of  R  with  respect  to  economy  of  opera¬ 
tion,  are  readily  found. 

By  definition:  Fb  =  w/B.H.P.;  w=  W/R ;  B.H.P.  varies  as  NPb;  and  therefore  the  relative 
specific  consumption,  Fb,  varies  as  W/RNPb.  But  also,  in  the  case  of  an  engine  with  a  propel- 


METERING  CHARACTERISTICS  OF  CARBURETORS. 


623 


ler  load,  B.H.P.  oc  Nap,  hence  Noc^PJp. 
specific  consumption,  we  have 


Substituting  this  value  in  the  expression  for  brake 


Fbc c 


/7 


But  since,  by  definition  TTocP,  the  relative  specific  consumption  can  be  written 


MAXIMUM  ECONOMY. 

Solving  this  expression,  including  the  values  of  p,  R  and  Pb  in  plot  3,  results  in  the  maximum 
economy  or  optimum  R  values  shown  in  plot  5,  curve  A.  Since  the  engine  from  which  these 
data  were  obtained  is  typical  of  the  best  practice  in  water-cooled  aircraft  engines,  it  is  admissible 
here  to  make  the  general  statement  that  the  optimum  value  of  the  mixture  ratio  under  open 
throttle  is  not  a  constant  with  varying  atmospheric  density,  and  that  it  is  very  approximately 
represented  by  R  =  106p  + 15,  the  equation  for  the  “maximum  economy”  curve  at  A,  in  plot  5 

Expressing  this  relationship  as  a  per  cent  of  the  ground  mixture  ratio  results  in  the  char¬ 
acteristic  enrichment  curve  of  plot  5  at  G,  designated  “maximum  economy.”  In  considering 
this  curve  it  must  not  be  overlooked  that  it  can  apply  only  in  the  case  of  realization  of  the 
experimental  optimum  ratio  at  ground  level.  The  enrichment  at  any  atmospheric  density, 
necessary  to  secure  maximum  power  as  distinguished  from  maximum  economy  (from  plot  3), 
is  represented  in  plot  5  by  the  difference  between  the  ordinate  values  of  the  two  curves  C  and 
D  at  the  density  in  question.  For  ready  comparison,  the  optimum  ratio  values  from  curve  A, 
plot  5,  are  indicated  in  plot  3  as  those  of  maximum  economy. 

Since  the  rates  of  change  in  the  specific  consumption  are  very  small  in  the  neighborhood 
of  the  optimum  values,  plot  4,  it  is  desirable  in  practice  to  work  with  ratios  smaller  than  the 
optimum,  in  view  of  the  increased  outputs  obtainable,  and  considering  that  by  this  device 
small  irregularities  in  the  functioning  of  the  carburetor  will  less  impair  the  regularity  of  the 
engine  performance.  Thus  a  ratio  of  20  at  ground  density  is  seldom  exceeded. 

CARBURETOR  OBSERVATIONS. 

In  the  following  summary  of  observations  of  natural  metering  characteristics  of  carburetors, 
in  the  Bureau  of  Standards’  carburetors  testing  plant,  the  air  temperature  was  maintained 
constant  at  all  pressures  in  any  set  or  group  of  runs.  Thus  the  possible  change  in  mixture  ratio 
with  fuel  viscosity  change  does  not  appear,  and  the  order  of  magnitude  of  the  variation  in  the 
mixture  proportion  can  be  considered  as  very  approximately  that  to  be  expected  in  many  of  the 
ordinary  service  environments  of  carburetors. 

The  work  represents  a  complete  study  of  mixture  ratio  and  its  variations  throughout 
a  range  of  densities  of  from  0.075  to  0.030  pound  per  cubic  foot  (zero  altitude  to  approximately 
30,000  feet)  for  both  open  and  part  throttle  settings  of  the  carburetor.  Each  of  the  several 
carburetors  included  was  designed  to  supply  mixture  to  three  Liberty  engine  cylinders,  5  inches 
bore  by  7  inches  stroke.  Under  open  throttle  it  was  found  by  test 5  of  this  engine  that  the 
weight  of  air  taken  by  three  cylinders  was  0.225  pound  per  second  at  an  air  density  of  0.075 
and  at  1,700  r.  p.  m.,  and  that  the  air  taken  at  other  densities  was  as  the  relative  density. 

The  chart  of  plot  6  gives  graphically  the  relations  of  air  weight  and  manifold  pressure  drop 
for  these  three  cylinders,  under  the  several  conditions  of  air  density  and  of  loading,  as  developed 
from  data  of  engine  tests  in  the  Bureau  of  Standards’  altitude  laboratory.5  By  the  term  load 
is  here  meant  that  portion  of  the  open-throttle  air  weight  taken  at  the  designated  value  of  the 
load.  In  the  runs  involving  throttle  closure,  the  controls  of  the  carburetor  and  of  the  testing 
plant  were  adjusted  to  maintain  the  values  indicated  in  plot  6. 


t  The  Bureau  of  Standards’  altitude  laboratory  is  fully  described  and  illustrated  in  Report  No.  44. 
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The  mixture  ratio  observations  on  each  carburetor  are  presented  in  two  ways — ratio  and 
per  cent  variation  in  ratio  with  density  for  several  loads,  and  ratio  and  per  cent  variation  in 
ratio  with  load  for  the  several  densities.  The  former  expresses  the  altimetric  compensation  at 
the  several  relative  loads,  and  the  latter  the  load  compensation  with  change  in  density.  In 
each  case,  the  per  cent  variation  is  stated  in  terms  of  the  full  load  ratio  at  the  ground. 

The  five  carburetors  included  in  the  observations  are  designated  in  the  following  as  A,  B, 
C,  D,  and  E,6  and  are  shown  in  diagrammatic  section  in  figures  7,  8,  9,  10,  and  11,  respectively. 
The  results  of  the  observations  are  shown  in  plots  12  to  20,  inclusive. 

Considering  the  natural  altimetric  compensation  curves  7  of  plots  12  and  13,  for  carburetors 
A  and  C,  it  appears  that  the  full-load  characteristics  of  these  carburetors  are  practically  iden¬ 
tical,  and  are  those  of  the  theoretical  case  of  plot  2,  with  Tx=  T0.  The  variations  in  the  values 
found  are  only  of  such  an  order  as  might  be  expected  in  two  designs  embodying  the  differences 
in  structure  and  method  represented  by  the  two  cases.  For  all  loads  less  than  full  load,  and 
at  all  densities,  the  enrichments  found  in  carburetor  C  are  greater  than  in  A,  and  this  increase 
in  fuel  content  is  relatively  greater  at  the  larger  densities.  This  is  clearly  presented  in  the  cor¬ 
responding  load  compensation  curves  of  plots  15  and  16,  and  results  from  the  differences  in  the 
two  methods  of  fuel  control  under  throttle.  With  small  densities  the  natural  full-load  enrich¬ 
ments  are  so  great  that  the  characteristic  changes  in  ratio  with  load  become  of  lesser  significance. 

The  load  compensations,  with  respect  to  the  peculiarities  of  structure  of  each  device,  are 
considered  separately  from  the  altimetric  compensations,  and  their  analyses  are  grouped  to¬ 
gether  in  the  latter  part  of  this  report. 

The  altimetric  compensation  characteristics  of  carburetor  B,  plot  14,  merit  some  discussion, 
since  they  depart  markedly  from  those  for  conventional  carburetors.  The  relatively  greater 
pressure  loss  through  a  carburetor  with  smaller  atmospheric  pressures,8  as  in  plot  18,  for  car¬ 
buretor  B  at  open  throttle,  is  utilized  to  reduce  the  head  ejecting  fuel  from  the  metering  jet 
under  this  condition.  The  weight  of  fuel  discharged  in  this  carburetor  is  expressed  w  =  -yjP3  —  P2, 
where  P3  is  the  throat  outlet  pressure  communicated  to  the  float  chamber  and  P2  is  that  at  the 
nozzle  outlet.  For  any  one  value  of  the  relative  load,IF/P=  F=a  constant;  hence  PJP  =  o. 
constant  and  P2  =  cP .  But  PJP  is  not  a  constant,  since  the  relative  loss  due  to  friction  through 
the  carburetor  increases  with  lesser  values  of  P  and  bears  the  relationship,  from  plot  18, 
p 

p?=aP  +  6;  and  P3  =  aP2  +  bP,  where  a  is  the  slope  of  the  curve,  plot  18,  and  b  its  intercept  on 


the  Pa/P  axis.  Substituting  in  the  expression  for  weight  of  fuel  discharged,  we  have 
w  —  aP2  +  bP—  cP,  from  which  it  appears  that  when  b  is  equal  to  c 
w  ocP,  and  that 


Wx~w0jf,  which  is  the  relationship  giving  an  invariable  mixture  ratio  with  altitude  change. 


«  Carburetor  A  (fig.  7)  is  the  Zenith  Carburetor  Co.’s  design,  used  as  equipment  on  aeronautic  engines.  It  is  compensated  for  load  changes  by 
compounding  the  two  nozzle  discharges,  one  of  them  passing  into  an  intermediate  atmospheric  well.  Altimetric  mixture  correction  is  secured  by 
a  manually  operated  plug  valve  controlling  the  float  chamber  pressure.  The  setting  used  is  as  follows:  Throat,  1.22  inches  diameter;  main  jet, 
No.  140;  compensator  jet,  No.  150;  and  idling  well,  No.  100.  The  numbers  of  the  jets  indicate  the  cubic  centimeters  of  water  discharged  per  minute 
under  a  12-inch  head. 

Carburetor  B  (fig.  8)  is  an  experimental  design  by  the  Stewart- Warner  Speedometer  Corporation,  developed  to  possess  inherent  altimetric 
mixture  regulation.  The  throttle  is  placed  in  the  air  intake,  to  secure  maximum  pressure  differences  on  the  spraying  device.  Compensation  for 
load  changes  is  secured  by  equalization  of  the  float  chamber  pressure  with  that  in  the  throat  outlet.  The  setting  used  is  as  follows:  Throat,  1.312 
inches  diameter;  fuel  passage,  0.067  inch  diameter;  and  air  passage  through  the  nozzle,  0.199  inch  minimum  diameter. 

Carburetor  C  (fig.  9)  is  an  aeronautic  type  produced  by  the  Stromberg  Motor  Devices  Co.  It  is  compensated  for  load  changes  by  the  sizes  and 
spacings  of  air  and  fuel  portings  in  the  assembly  of  the  main  nozzle  member.  Both  fuel  and  air  discharge  into  the  throat  of  the  main  air  passage. 
Altimetric  correction  of  the  mixture  is  by  regulation  of  the  float  chamber  pressure,  either  by  a  hand  operated  valve  or  by  an  automatic  valve  under 
control  of  an  aneroid  bellows.  The  setfing  used  is  as  follows:  Main  air  throat,  1.50  inches  diamater;  main  fuel  jet,  0.089  inch  diameter;  atmospheric 
vent  to  the  well,  four  holes  0.038  inch  diameter. 

Carburetor  D  (fig.  10)  is  the  vortex  type  produced  by  the  Ensign  Carburetor  Co.  Air  enters  the  vortex  chamber  tangentially,  and  its  rotation 
causes  a  lowering  of  the  pressure  at  the  center  of  the  mass,  where  the  fuel  is  admitted.  The  work  done  on  this  carburetor  included  only  enough 
runs  to  define  its  natural  altimetric  compensation  under  open  throttle. 

Carburetor  E  (fig.  11)  is  a  design  produced  by  the  Marvel  Carburetor  Co  It  is  characterized  by  the  upstream  inclination  of  its  fuel  discharge 
passages,  which  is  relied  upon  to  give  load  compensation,  except  at  idling.  Altimetric  correction  is  obtained  by  a  large  manually  operated  plug 
valve  admitting  air  directly  to  the  passage  on  the  engine  side  of  the  throat.  Only  its  natural  open  throttle  altimetric  performance  was  studied 

'  It  should  be  clearly  understood  that  throughout  the  investigation  of  carburetors,  included  in  this  report,  no  attempt  was  made  to  correct  the 
mixture  proportions  by  manipulation  of  the  control  provided  for  that  purpose.  Only  the  natural  changes  in  ratio  were  studied,  or  are  of  interest 
in  the  present  case,  since  anything  desired  can  be  obtained  with  suitable  setting  of  the  control  member. 

8  See  also  the  curves  accompanying  Bart  III  of  this  report. 
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Actually  it  is  not  possible  to  make  b  and  c  equal.  And,  considering  the  need  for  somewhat 
enriched  mixtures  for  maximum  economy  at  reduced  pressures  (plots  3  and  4),  it  is  undesirable 
to  reduce  b  to  equality  with  c.  It  is  obvious  that  the  ratio  of  the  passage  areas  ( AJA )  controls 
the  value  of  c,  and  that  b  is  largely  controllable  in  the  design  of  the  fuel  nozzle  and  the  adjutage 
of  the  air  throat,8  since  it  is  functional  with  the  turbulence  in  the  air  stream.  Since  b  is  nor¬ 
mally  greater  than  c  in  good  designs  permitting  the  attainment  of  high  values  for  the  volumetric 
efficiency  in  an  engine,  it  is  evident  that  with  a  given  c  the  only  way  to  obtain  smaller  b  values 
is  by  an  increase  in  the  turbulence  in  the  throat  adjutage,  thus  obtaining  mixture  control  at 
the  expense  of  effective  capacity.  It  follows  that  adjustment  of  the  relationship  between  b 
and  c  is  best  accomplished  by  manipulation  of  the  ratio  of  areas  AJA. 

Reference  to  figure  10  shows  that  the  metering  structure  of  carburetor  D  is  wholly  different 
from  the  foregoing  cases  in  that  the  air  stream  is  early  set  in  rotation  by  virtue  of  its 
tangential  entrance  to  the  so-called  vortex  chamber.  The  rotation  of  the  air  mass  within  the 
chamber  causes  a  lowering  of  the  pressure  at  its  center,  due  to  the  action  of  centrifugal  force. 
In  this  case  the  metering  head  on  the  fuel  is  directly  as  the  difference  between  the  pressure  of 
the  atmosphere  and  that  at  the  axis  of  rotation.  Since  the  latter  varies  as  V2,  as  does  also  the 
pressure  at  the  throat  in  a  conventional  tube  type  carburetor,  the  fundamental  compensation 
characteristics  are  identical  in  the  two  cases.  The  observed  altimetric  compensation  of  carbu¬ 
retor  D  is  shown  in  plot  19. 

Carburetor  E,  figure  11,  is  a  tube  type  in  which  the  fuel  discharges  at  the  throat  from 
passages  inclined  at  45°  with  reference  to  the  axis  of  the  passage,  thus  facing  them  somewhat 
against  the  air  stream.  The  result  is  that  the  difference  in  pressure  to  which  the  metering 
passage  is  subjected  is  less  than  that  with  the  ordinary  jet  structure.  The  pressure  at  the 
throat  varies  as  V 2,  as  in  the  typical  case,  but  is  modified  with  respect  to  the  fuel  discharge 
passages  by  the  changing  fines  of  flow,  with  changing  velocity,  about  the  piece  in  which  the 
discharge  passages  are  formed.  Also  the  metering  head  varies  inversely  as  some  function  of 
the  density  of  the  air  passing  the  openings.  The  gross  result  is  represented  by  an  altimetric 
compensation  curve,  plot  19,  which,  starting  at  ground  density,  at  first  has  a  smaller  rate  of 
enrichment  than  has  the  simple  conventional  case.  This  rate  becomes  an  increasingly  greater 
one  as  the  density  is  reduced,  until  at  a  density  of  0.030  pound  per  cubic  foot,  the  rate  of  enrich¬ 
ment  is  very  approximately  one  and  one-half  times  that  for  the  theoretical  case. 

COMPRESSION  RATIO  AND  PERMISSIBLE  LOADING. 

In  aircraft  engines  the  compression  ratio  may  be  anywhere  between  4.5  and  G.5  (with  certain 
blended  and  modified  fuels  it  is  both  possible  and  desirable  to  carry  this  ratio  up  to  slightly 
over  7.)  With  the  resulting  compression  pressures  it  is  possible  to  operate  the  engine  at  and 
near  full  throttle  on  mixture  ratios  (air/fuel)  up  to  and  including  24.  The  approximate  minimum 
fuel  consumption  in  pounds  per  B.  H.  P.  per  hour  is  obtained  at  full  load  at  the  ground  with 
a  mixture  ratio  of  about  20.  Also,  the  output  with  this  ratio  is  within  about  3  per  cent  of  the 
maximum  obtainable  from  the  engine,  plot  3. 

Where  the  compression  ratio  is  carried  to  5.3  or  above,  as  is  usual  in  high  output  engines, 
it  is  imperative  that  the  engine  be  not  operated  with  open  throttle  at  the  ground  for  more 
than  a  very  few  moments  at  any  one  time.  For  this  reason  it  is  the  exception  to  operate  land 
aircraft  at  more  than  about  0.85  load  at  and  near  the  ground.  At  higher  levels  a  greater  relative 
loading  is  permissible  because  of  lowered  air  density. 

Thus  it  is  permissible  to  design  for  a  high-ceiling  aircraft  on  the  basis  of  reduced  loading 
at  the  ground.  In  plot  19  the  altimetric  compensation  characteristics  of  all  five  carburetors 
are  plotted  on  the  basis  of  full  load  at  all  densities.  For  comparison,  the  altimetric  character¬ 
istics  of  carburetor  B  is  given,  on  the  basis  of  0.95  load  at  ground,  varying  to  full  load  at  a 
density  of  0.030  pound  per  cubic  foot. 
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Considering  the  altimetric  compensation  between  the  density  limits  of  0.075  with  0.85 
load,  and  0.030  with  full  load,  the  relative  performances  of  carburetors  A,  B,  and  C  are  as  in 
plot  20. 

CONDITIONS  CONTROLLING  ECONOMY. 

It  is  evident  that  mixtures  of  air  and  fuel  vapor  are  explosive  in  an  engine  cylinder  between 
widely  separated  limits  of  composition.  While  there  is  a  superior  limit,  maximum  air  to  fuel, 
as  well  as  an  inferior  one  that  can  not  be  passed  for  the  production  of  a  useful  result,  it  is  rather 
toward  the  superior  limit  that  it  is  found  most  advantageous  to  work,  considering  the  specific 
consumption  of  fuel.  Particularly  is  this  true  in  aircraft  service,  where  the  fuel  constitutes 
a  considerable  portion  of  the  weight  transported.  Economy  of  fuel  is  of  paramount  importance. 

Compared  with  the  condition  of  open  or  nearly  open  throttle  performance,  the  above  applies 
with  equal  force  to  the  conditions  of  part  load,  since  the  major  portion  of  an  ordinary  flight  is 
carried  out  with  the  engine  delivering  somewhere  between  0.5  and  0.8  of  its  full  power. 

It  is  interesting  to  examine  the  probable  rate  at  which  the  mixture  ratio  can  be  modified 
most  favorably  under  the  conditions  of  part-load  operation.  There  is  but  little  experimental 
data  on  which  the  analysis  can  be  based;  and  there  are  none  that  include  simultaneously  all 
the  conditions  of  engine  operation. 

The  three  external  conditions  fixing  the  ratio  of  maximum  economy  are  those  controlling 
the  rate  of  propagation  of  the  combustion:  the  temperature  of  the  charge  at  the  time  of  ignition; 
its  pressure  at  time  of  ignition;  and  its  dilution  with  noncombinmg  gases.  There  must  be 
mentioned  also,  as  highly  important  contributing  conditions,  the  turbulence  in  the  ignited  mass 
of  charge,  and  the  extent  of  the  initial  ignition.  But  since  these  last  are  nearly  constants  in 
any  one  case,  they  very  reasonably  may  be  omitted,  at  this  time. 

The  temperature  of  the  charge  at  time  of  ignition  is  functional  with  its  temperature  at  the 
beginning  of  compression,  and  with  the  compression  ratio.  The  latter  is  fixed  in  any  one 
case;  and  the  former  varies  with  the  condition  of  the  charge  in  the  manifolding  and  with  the 
heat  given  up  to  it  by  the  cylinder  parts  and  by  the  residual  gases  in  the  cylinder. 

Here  it  is  necessary  to  make  some  assumptions.  The  unvaporized  fuel  content  of  the  charge 
at  its  entry  to  the  cylinder  is  normally  quite  considerable.  But  it  is  possible  for  a  mixture 
having  a  suitable  proportion  of  fuel  to  exist  in  a  state  of  dryness  at  the  pressures  and  ordinary 
temperatures  of  the  intake  manifold.  A  consideration  of  the  cylinder  charge  temperature  is 
much  simplified  if  it  is  assumed  that  the  heat  taken  from  the  cylinder  parts  serves  only  to  dry 
the  charge,  without  altering  its  temperature.  On  this  basis,  the  increase  in  charge  temperature 
in  the  cylinder  over  that  in  the  manifold  is  only  that  due  to  the  mixing  with  the  heated  residual 
gases  from  the  preceding  cycle.  Since  the  mean  specific  heats  of  charge  and  residue  are  approx¬ 
imately  equal,  the  resulting  mean  temperature  at  end  of  the  charging  stroke  may  be  expressed 

rj-  _ WCTC  +  Wf  Tr 

l~  wc+wr 


where  w  is  weight  and  T  absolute  temperature  of  charge  and  residue,  designated  by  the  sub¬ 
scripts  c  and  r,  respectively. 

Knowing  Tt,  the  temperature  at  time  of  ignition  T2  is  found  from  the  expression  for 
adiabatic  compression 

rp  _  rp  / yA0.3 


where  vjv 3  is  the  compression  ratio, 
expressed  9 


Likewise  the  pressure  at  end  of  compression  P2  is 


P 3 


*  The  value  of  the  exponent  k=1.3  is  an  empirical  value  found,  as  the  result  of  many  experimental  trials  at  the  Bureau  of  Standards  and  else¬ 
where,  more  nearly  to  3uit  engine  conditions  than  does  the  value  1,41  for  air  alone. 
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In  the  following  Pv  is  taken  equal  to  the  mean  intake  manifold  pressure,  and  the  ratio  vjv2 
equal  to  5.3. 

The  dilution  D,  of  fresh  charge  with  residual  gases  is  D  =  wr I wc. 

On  this  basis,  from  the  curves  of  plot  6,  and  from  additional  engine-test  data  obtained 
in  the  Bureau  of  Standards  altitude  laboratory,  the  curves  of  plot  21  result  as  appioximately 
describing  characteiistic  variations  in  the  ratio  controlling  conditions  of  pressure,  temperature, 
and  dilution,  under  throttle. 


EFFECTS  OF  COMPRESSION  PRESSURE. 

In  constant  volume  experiments  10  it  develops  that  the  direct  influence  upon  rate  of  com¬ 
bustion  of  initial  pressure,  other  conditions  being  constant,  is  fairly  small  with  mixtures  of 
about  the  theoretical  combining  proportions.  However,  with  somewhat  poorer  mixtures,  the 
direct  effect  of  change  in  initial  pressure  is  of  great  importance,  and  becomes  increasingly  so 
as  the  proportion  of  fuel  is  reduced.  At  the  same  time  the  ratio  of  pressure  rise  (explosion 
pressure/initial  pressure)  is  practically  a  constant  for  a  given  mixture  ratio,  irrespective  of  the 
initial  pressure.  These  experimental  relationships  are  expressed  graphically  in  plot  22,  and 
particular  attention  is  called  to  the  fact  there  generally  indicated  that  as  either  limit  of  explosi- 
bility  is  approached,  the  times  to  attain  maximum  pressure  are  more  nearly  equal  for  different 
initial  pressures.  It  is  in  the  region  of  the  intermediate  ratios  that  the  major  direct  effects  of 
initial  pressure  are  realized  with  respect  to  rate  of  combustion. 

The  above  supplies  a  qualitative  explanation  of  the  enrichment  required  under  open 
throttle  as  the  atmospheric  pressure  is  reduced.  Since  an  aircraft  engine  suffers  only  a  com¬ 
paratively  small  speed  reduction  with  lowered  atmospheric  pressure,  it  is  necessary  that  the 
rate  of  combustion  of  the  charge  be  maintained  somewhere  near  constancy  for  the  attainment 
of  maximum  economy.  Since  the  compression  pressure  is  a  direct  function  of  the  atmospheric 
pressure,  it  follows  that  to  maintain  the  rate  of  combustion  the  mixture  must  be  enriched  as  the 
atmospheric  pressure  is  reduced. 

Under  part  throttle  the  foregoing  considerations  of  the  effect  of  compression  pressure  apply; 
but  there  must  also  be  taken  into  account  the  effects  of  change  in  charge  temperature  and  of 
change  in  dilution  with  products  from  the  preceding  cycle. 

On  the  assumptions  made  in  the  foregoing,  the  temperature  curves  of  plot  21  (for  an  engine 
having  a  partially  water-jacketed  intake  manifold)  indicate  that  the  temperature  at  end  of 
compression  will  change  but  slightly,  and  at  the  same  time  favoraoly,  as  the  throttle  opening 
is  reduced.  For  an  approximation,  it  may  be  taken  that  the  influence  c  f  temperature  changes 
may  be  neglected.  In  general  the  fuel  in  the  mixture,  considering  a  given  rate  of  combustion, 
must  be  an  inverse  function  of  the  temperatuie,* 11  plot  23.  This  follows  from  the  fact  that  the 
higher  the  charge  temperature  the  less  additional  heat  will  be  needed  to  raise  a  given  portion 
of  the  charge  to  its  ignition  temperature;  and  consequently  the  less  need  be  the  heat  of  com¬ 
bustion  to  cause  propagation  throughout  the  whole  mass  of  the  charge. 

CHARGE  DILUTION. 

The  separate  and  direct  effects  of  dilution  of  the  charge  with  the  chief  combustion  product 
have  been  very  thoroughly  investigated,  at  atmospheric  pressure  and  temperature,  for  mixtures 
of  air  with  methane  and  with  natural  gas,  diluted  with  carbon  dioxide.11  For  mixtures  having 
yarious  ratios  of  air  to  fuel,  subsequently  diluted  with  varying  proportions  of  C02,  it  is  found 
in  all  cases  that  the  superior  limit  of  explosibility,  i.  e.,  maximum  air  to  fuel,  is  reduced  as  the 
dilution  is  increased.  This  follows  from  two  chief  causes:  The  relatively  high  specific  heat 
capacity  of  carbon  dioxide;  and  the  dilution  of  the  oxygen  content  of  the  charge.  Plot  23 
includes  a  plotting  of  the  explosibility  limits  for  mixtures  of  air  and  natural  gas  diluted  with 

10  Bairstow  and  Alexander,  Proc.  Royal  Soc.  (Brit.)  1905;  closed-vessel  experiments  on  mixtures  of  coal  gas  and  air. 

11  The  observations  given  in  plot  23,  on  the  controlling  influences  of  temperature  and  dilution,  are  taken  from  U.  S.  Bureau  of  Mines  Technical 
Papers,  No.  121,  Burell  and  Robertson,  on  The  Effects  of  Temperature  and  Pressure  on  the  Explosibility  of  Methane-Air  Mixtures,  and  No.  43, 
Clement,  on  The  Influence  of  Inert  Gases  on  Inflammable  Gaseous  Mixtures. 
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carbon  dioxide.  The  graph  may  be  taken  as  characteristic  of  the  effects  of  such  dilution  upon 
mixtures,  of  air  and  fuel  vapor,  at  atmospheric  pressure  and  temperature. 

While  it  is  impossible,  in  the  absence  of  direct  experimental  data,  to  state  definitely  what 
the  combined  effects  of  reduced  compression  pressure  and  increased  charge  dilution  will  neces¬ 
sitate  in  the  way  of  change  in  the  air-fuel  ratio,  it  is  evident  that  such  a  combination  will  impose 
a  greater  enrichment  than  will  either  one  alone.  If  it  is  assumed  (1)  that  the  effect  of  change 
in  the  one  condition  is  unmodified  by  simultaneous  change  in  the  other;  (2)  that  the  order 
of  variation  in  the  optimum  mixture  is  the  same  with  charge  dilution  as  in  the  case  of  the 
superior  explosive  limit  (plot  23);  and  (3)  that  the  range  of  explosibility  at  maximum  dilution 
in  an  engine  is  50  per  cent  of  that  with  minimum  dilution,12  it  results  that  at  a  density  of  0.035 
pound  per  cubic  foot,  and  0.1  load,  the  mixture  ratio  should  have  a  value  of  approximately 
15.5  for  maximum  economy. 

Since  the  compression  pressures  at  0.1  load  are  nearly  the  same  at  all  air  densities,  and 
since  the  same  is  true  of  the  dilutions  and  temperatures,  it  can  be  taken  that  the  optimum 
mixture  ratio  (that  of  maximum  economy)  approaches  that  of  maximum  power,  at  all 
densities,  as  the  throttle  is  closed  to  the  idling  position. 

In  final  consideration  of  plot  21,  it  should  be  noted  that  while  at  ground  level  0.1  the 
maximum  air  corresponds  very  approximately  to  idling  of  the  engine,  the  relative  loading  at 
idling  increases  as  the  density  is  reduced,  since  almost  as  much  power  is  required  to  turn  the 
motor  over  at  small  densities  as  at  large.  Thus,  at  reduced  densities  it  is  impossible  to  reduce 
the  relative  air  to  its  idling  value  at  the  ground,  without  stalling  the  engine — unless  its  revolu¬ 
tion  is  assisted  by  the  reaction  of  the  propeller,  as  in  descending  flight.  It  appears  that  the 
relative  air  for  idling  at  0.035  density,  plot  21,  is  very  approximately  0.4.  In  any  case,  this 
latter  consideration  has  no  bearing  on  the  foregoing  as  a  study  of  the  carburetion  requirements. 

NATURAL  LOAD  COMPENSATION. 

The  load  compensations  of  the  several  carburetors  are  interesting,  in  that  they  are  expres¬ 
sions  of  individual  preferment  in  metering  method  and  structure,  and  of  the  compromises 
that  have  been  included  in  each  device,  by  choice  or  otherwise. 

In  the  case  of  the  elemental  carburetor,  comprising  a  constricted  air  passage  having  a 
fuel  passage  discharging  at  its  throat,  the  load  compensation  is  fundamentally  perfect  (dis¬ 
regarding  the  requirements  of  the  engine),  in  that  a  constant  ratio  between  the  weights  of  air 
and  of  fuel  will  be  maintained,  if  the  coefficients  of  discharge  for  the  air  and  the  fuel  passages 
bear  a  fixed  relationship  to  each  other.13  In  practice  there  are  several  almost  unavoidable 
circumstances  which  modify  this  simple  case,  and  there  are  those  discussed  conditions  of  require¬ 
ment  which  make  a  constant  weight  relationship  undesirable. 

In  the  main,  the  load  compensation  of  carburetor  A,  plot  15,  follows  that  of  the  simple 
case  above.  But  here  w  is  made  approximately  proportional  to  IF,  not  by  selection  of  passages 
having  a  constant  ratio  of  coefficients,  but  by  utilizing  the  sum  of  the  discharges  of  two  nozzles 
operating  under  dissimilar  conditions.  It  is  arranged,  througli  separate  means  operating  only 
at  the  smallest  air  flows,  to  satisfy  the  requirement  for  an  enriched  mixture  with  reduced 
relative  air  flow. 

From  the  diagram  of  carburetor  B  (fig.  8),  it  appears  that  throttle  manipulation  controls 
the  air  charge  weight  by  modification  of  the  density  of  the  air  stream,  as  well  as  by  modification 
of  its  velocity.  This  is  a  condition  not  contemplated  in  the  simple  case,  in  that  V  is  no  longer 
only  proportional  to  IF  at  a  given  atmospheric  density.  The  result  in  the  relative  performance 
of  carburetor  B  is  that  the  fuel  discharge  reduces  less  rapidly  than  the  air  weight  during  throttle 
closure,  since  the  velocity  of  the  air  stream  is  less  reduced  for  a  given  change  in  charge  weight. 
The  load  compensation,  neglecting  the  control  exercised  by  the  nozzle  air  passage,  is  identical 

u  This  assumption  is  quite  generally  supported  by  observation  of  permissible  mixture  ratio  variation  for  steady  operation, -at  idling  and  at 
open  throttle. 

i3  .\t  any  air  density  W  varies  directly  as  V;  and  to  is  proportional  to  -Jhor  to  VP-P3  where  P*  is  the  throat  pressure.  But  within  the  desir¬ 
able  range  of  values  in  a  carburetor,  -Jl’-Vi  is  also  directly  as  V.  Hence  w  varies  directly  as  W. 
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with  the  natural  altimetric  compensation  discussed  in  the  foregoing  for  the  theoretical  case, 
and  found  to  exist  in  a  conventional  carburetor  structure. 

It  seems  that  the  load  compensation  of  carburetor  C  has  been  developed  with  regard  for 
the  requirements  of  service,  in  so  far  as  they  are  known.  The  mixture  ratio  reduces  almost 
directly  with  the  load.  This  results  from  the  nozzle  structure  in  which  decreasing  heads  across 
the  nozzle  outlet  cause  less  air  to  be  admitted  to  modify  the  metering  head,  both  by  virtue  of 
the  change  in  pressure  difference  and  by  virtue  of  a  change  in  the  effective  area  of  the  air  ports. 
This  carburetor  represents  the  simple  case,  with  a  superimposed  empirical  metering  character¬ 
istic,  and  fitted  in  addition  with  separate  means  for  arbitrarily  modifying  the  relative  fuel 
discharge  at  the  smallest  air  flows. 

CONCLUSIONS. 

With  respect  to  engine  requirements,  it  may  be  said  that  the  desirable  metering  charac¬ 
teristics  which  a  carburetor  should  have  can  not  be  fixed  absolutely,  being  dependent  upon 
type  of  sendee  requirements.  The  following  statements  are  given  as  the  best  available  hy¬ 
potheses  upon  which  to  base  carburetor  design,  in  the  light  of  our  present  knowledge. 

(1)  The  mixture  ratio  for  development  of  maximum  power  is  approximately  constant  (at 
about  15  air/fuel  for  gasolines)  at  all  relative  loads  and  at  all  air  densities. 

(2)  The  mixture  ratio  for  the  development  of  maximum  economy  at  full  load  becomes 
smaller  as  the  atmospheric  density  is  reduced. 

(3)  The  mixture  ratio  for  the  development  of  maximum  economy  at  part  loads  becomes 
smaller  as  the  load  is  reduced  by  throttling. 

(4)  The  mixture  ratio  of  maximum  economy  becomes  more  nearly  equal  to  that  giving 
maximum  power  as  the  output  and  as  the  atmospheric  density  are  reduced. 

With  respect  to  the  carburetor  proper,  it  is  concluded  that : 

(5)  The  ordinarily  employed  variations  in  structure  and  in  method  of  fuel  control,  in 
carburetors  resembling  the  simple  elemental  type,  effect  inappreciable  modifications  of  the 
altimetric  compensation,  being  subject  to  the  same  considerable  rate  of  enrichment  with  re¬ 
duced  atmospheric  density. 

(6)  Ordinarily  employed  variations  in  carburetor  structure  and  in  method  of  fuel  control 
result  in  widely  different  characteristic  changes  in  mixture  ratio  as  the  load  is  changed  by 
throttle  manipulation. 
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PART  VI. 

CONTROL  OF  CARBURETOR  METERING  CHARACTERISTICS  FOR  AIRCRAFT 

SERVICE.1 

By  Percival  S.  Tice  and  H.  C.  Dickinson. 


RESUME. 

The  following  report  is  a  discussion  of  ways  and  means  of  correcting  the  enrichment  of  the 
mixture  naturally  occurring  in  carburetors  under  the  conditions  obtaining  in  flight  at  altitudes 
above  the  earth’s  surface.  Possible  control  methods  are  described  and  discussed  in  the  light 
of  the  requirements  for  best  engine  performance.  The  text  includes  a  statement  of  the  need 
for  and  the  possibilities  of  an  automatic  mechanical  regulation  of  the  control  device. 

It  is  concluded  that  (1)  any  one  of  several  control  methods  will  be  equally  effecti\e;  (2) 
automatic  regulation  of  the  control  is,  in  general,  more  desirable  than  manual  regulation;  and 
(3)  it  is  possible  to  regulate  the  control  automatically  to  give  a  complete  correction  of  the 
mixture  at  all  altitudes. 

CONTROL  OF  ALTIMETRIC  CHARACTERISTICS. 

Considering  the  desirable  mixture  ratio  variations  dictated  by  engine  requirements,  it  is 
evident  that  some  form  of  control  must  be  incorporated  in  a  carburetor  approximating  the 
simple  type,2  to  permit  it  to  serve  the  engine  properly  over  a  range  of  atmospheric  densities. 
The  natural  characteristic  in  a  carburetor  is  that  of  too  rapid  increase  in  the  relative  fuel  content 
of  the  mixture,  as  the  atmospheric  density  is  reduced.  Hence  the  altimetric  control  under 
discussion  is  one  that  permits  of  modifying  the  natural  air  to  fuel  relationship  in  an  inverse 
manner  to  the  changes  in  atmospheric  density.  The  following  is  offered  in  discussion  of  means 
for  the  accomplishment  of  this  control. 

The  possible  methods  all  involve  a  modification  of  the  relative  amount  of  fuel  supplied, 
since  appreciable  change  in  the  weight  of  air  taken  is  impracticable.  These  methods 
divide  into  two  classes,  as  follows:  (1)  Control  of  the  area  of  the  fuel  metering  passage;  and 
(2)  control  of  the  pressure  difference  or  head  across  that  passage.  Of  the  two,  the  latter  class 
is  that  almost  always  employed,  because  it  is  less  sensitive  in  adjustment  and  develops  into  a 
simpler  and  less  delicate  structure,  more  in  accordance  with  the  accepted  general  aims  in  car¬ 
buretor  design. 

In  class  (2)  we  have  subclasses  where  the  pressure  difference  is  modified  by  (a)  control  of 
the  float  chamber  pressure  and  ( b )  control  of  the  nozzle  outlet  pressure.  Of  these,  the  former 
at  this  time  enjoys  the  greater  vogue  with  carburetor  designers,  although,  as  will  be  shown,  the 

latter  is  capable  of  useful  and  simple  development. 

If,  as  is  usual,  the  altimetric  control  is  designed  with  special  reference  to  the  open  throttle 
condition,  it  does  not  necessarily,  in  its  open  throttle  setting,  cause  the  engine  to  be  supplied 
with  a  desirable  mixture  when  the  throttle  is  partially  closed.  In  such  a  case,  the  control 

i  This  report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  48. 

,  The  simpie  carburetor  is  one  possessing  a  single  constricted  air  passage,  having  a  fuel  passage  discharging  at  its  throat,  and  provided  with  a 
throttle  in  its  outlet,  so  that  the  velocity  of  the  air  in  the  throat  is  substantially  proportional  to  the  weight  of  air  taken . 
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must  be  manipulated  with  the  throttle.  A  discussion  of  this  phase  of  the  problem  will  be 
entered  into  later,  since  it  constitutes  a  final  criterion  on  the  value  of  any  proposed  method. 
Similarly,  automatic  regulation  and  ease  of  application  of  automatic  regulation  of  the  control 
will  be  discussed  separately. 

Considering  the  simple  requirement  for  the  development  of  maximum  power,  it  is  necessary 
that  the  mixture  ratio  be  maintained  constant  under  all  conditions.  Hence  the  necessary 
relative  reduction  in  fuel  discharge  will  be  equal  to 


or  at  altitude  x  in  terms  of  the  discharge  at  zero  altitude  the  reduction  in  fuel  is  written 


M 

NqPo  Tx 


in  which  the  following  notation  is  used: 


w  =  weight  of  fuel  naturally  discharged©:  ^NP] 
w'  =  weight  of  fuel  desired  ocNpocNP/T; 
h  =  natural  metering  head  on  fuelcc  NP; 

7j/  =  desired  metering  head  on  fuelcc (Ap)2; 

N=  engine  r.  p.  m. 

P  =  atmospheric  pressure,  absolute; 

T  =  atmospheric  temperature,  absolute 
p  =  atmospheric  density,  pounds  per  unit  volume. 

In  the  case  of  class  (1),  in  which  the  area  of  the  fuel  passage  is  under  control,  the  requisite 
relative  reduction  in  area  is  as  expressed  above.  In  class  (2),  where  the  metering  head  is  con¬ 
trolled,  the  necessary  relative  reduction  in  head  will  be 


NP  ,  NP 

h  1  T2  - 1  T , 


or  at  altitude  x  in  terms  of  zero  altitude 


NXPXT0*  NxP  XT0 

n0p0tx>-l  noPotx- 


in  general,  the  change  in  N  with  change  in  altitude  is  comparatively  small,  as  is  also  the 
ordinarily  experienced  change  in  T  at  the  carburetor,  hence  it  may  be  permitted  to  write  the 
above  expressions  in  the  simplified  forms 

Relative  reducton  in  passage  area  =  1  —  =  1  —  and 

V  1  o  V  Po 


Relative  reduction  in  metering  head  =  1—  p5  =  1  —  — 

Po  oP 

It  is  obvious  that  control  of  the  float-chamber  pressure  (class  2a)  is  accomplished  when  the 
float  chamber  is  provided  with  a  vent  passage  to  the  atmosphere,  and  is  also  in  communication 
with  some  point  at  subatmospheric  pressure  in  the  carburetor  air  passage.  The  controlling  or 
regulating  member  is  a  valve  in  one  or  the  other  of  these  passages,  as  in  figure  1.  In  such  a 
design,  suitable  selection  of  relative  passage  capacities  and  locations  must  be  made  to  insure 
that  the  control  will  have  sufficient  range  to  accomplish  its  purpose. 

Control  of  the  nozzle-outlet  pressure  (class  26)  can  be  accomplished  in  each  of  several  ways. 
The  velocity  of  the  air  passing  the  nozzle  can  be  modified  by  altering  the  effective  area  of  the 
passage  about  the  nozzle  outlet  (Fig.  2  at  A.).  The  relative  amount  of  air  passing  the  nozzle, 
and  therefore  the  velocity,  can  be  modified  by  an  atmospheric  by-pass,  admitting  air  to  the 
carburetor  at  a  point  beyond  the  main  air  throat  (Fig.  2  at  B.).  And,  with  fixed  air  passages^ 
the  nozzle-outlet  pressure  can  be  modified  by  venting  the  outlet  of  the  nozzle  itself  to  the 
atmosphere  (Fig.  2  at  0.). 
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Each  of  the  foregoing  methods  has  been  applied  to  aircraft  service,  usually  under  direct 
manual  regulation;  and  each  can  be  fully  adequate  when  suitably  proportioned  and  con¬ 
trolled.  There  is  thus  no  question  of  relative  effectiveness.  On  the  other  hand,  the  structural 
differences  are  considerable,  and  there  is  room  for  selection  of  method,  considering  simplicity, 
ease  of  production,  and  reliability  through  obviation  of  possible  irregularities.  Ihis  last  point, 
reliability,  assumes  its  greatest  importance  when  it  is  attempted  to  substitute  automatic  regu¬ 
lation  for  the  more  usual  hand  control. 

EFFECT  OF  THROTTLE  POSITION  ON  ALTIMETRIC  COMPENSATION. 

Considering  the  altimetric  control  as  having  been  properly  set  at  any  altitude,  under  open 
throttle,  it  is  important  to  examine  what  happens  to  the  mixture  ratio  as  the  throttle  is  closed. 
Complete  altimetric  correction  involves  a  fixed  percentage  reduction  in  the  fuel  flows,  com¬ 
pared  with  those  occurring  at  the  ground,  for  all  relative  loadings. 

Having  regard  for  class  (1),  it  is  obvious  that  having  made  a  correct  adjustment  of  the 
fuel  metering  area  at  any  one  loading,  a  change  in  air  flow  will  leave  the  relationship  with 
ground  ratios  undisturbed,  provided  the  change  in  area  has  not  altered  the  coefficient  of  dis¬ 
charge  of  the  passage.  It  can  hardly  be  hoped  to  accomplish  this  last  with  any  ordinary  or 
simple  form  of  adjusting  structure;  and  this,  together  with  the  extreme  sensitiveness  of  the 
method,  has  resulted  in  its  narrow  use. 

In  the  type  of  class  (2a)  controlling  the  float-chamber  pressure,  the  sub  atmospheric  con¬ 
nection  must  of  necessity  enter  the  air  passage  of  the  carburetor  as  shown  in  figure  1.  But 
the  pressures  in  the  adjutage  of  the  throat  do  not  bear  a  constant  relation  to  that  of  the  atmos¬ 
phere  with  change  in  air  flow.3  This*  results  in  change  in  the  float-chamber  pressure  under 
throttle  manipulation  with  any  one  setting  of  the  control.  Admitting  that  the  ground  load 
compensation  is  correct  with  the  control  in  the  off  position,  it  appears  that  a  varying  float- 
chamber  pressure,  as  at  an  altitude,  will  prevent  its  duplication,  since  it  will  change  the  order 
of  variation  of  the  metering  head  with  change  in  relative  load.  The  change  in  adjutage  pres¬ 
sure  with  load  is  such  as  to  cause  a  material  enrichment  of  the  mixture  as  the  throttling  is 
increased.  In  class  (2a),  then,  the  altimetric  control  must  be  shifted  with  the  throttle. 

Passing  to  class  (26),  with  regulation  of  the  effective  throat  area  (case  A,  fig.  2),  the  pressure 
along  the  axis  in  the  entrance  of  the  movable  tube  will  be  in  constant  ratio  with  that  in  the 
throat  at  all  densities.  As  a  result,  the  ground  load  compensation  will  be  duplicated  at  any 
altitude  with  a  single  setting  of  the  altimetric  control. 

Likewise,  in  case  B  of  figure  2,  the  same  result  is  accomplished  if  the  coefficient  of  dis¬ 
charge  across  the  auxiliary  port,  at  any  set  opening,  varies  directly  with  that  of  the  main 
throat  passage  as  the  air  flow  changes.  This  latter  condition  can  be  almost  fully  realized  with 
suitable  design  of  the  auxiliary  passage. 

At  all  except  the  smallest  air  flows,  the  control  method  at  C,  figure  2,  will  permit  of  main¬ 
tenance  of  the  ground  load  compensation  at  any  altitude,  on  a  fixed  setting  of  the  control, 
since  the  pressure  at  the  throat  at  any  relative  air  flow  bears  a  constant  relationship  to  that 
of  the  atmosphere.  At  the  smallest  air  flows  at  altitudes,  the  mixture  will  be  richer  in  fuel 
than  at  corresponding  ground  flows  by  an  amount  depending  upon  the  height  of  the  nozzle 
member  above  the  point  of  entry  of  the  air  stream.  This  enrichment  will  be  greater  the  greater 
the  altitude. 

EFFECT  OF  ALTIMETRIC  CONTROL  ON  DIVISION  OF  FUEL. 

A  further  point  which  can  not  be  wholly  neglected  is  the  effect  of  the  altimetric  control 
upon  the  fineness  of  division  of  the  fuel,  through  alterations  of  the  magnitudes  of  the  forces 
causing  spraving.  Of  the  methods  discussed,  those  at  A  and  B}  figure  2,  are  the  only  ones  in 
which  use  of  the  control  reduces  the  energy  available  for  spraying.  The  method  at  C,  figure  2, 
obviously  promotes  division  of  the  liquid.  That  of  figure  1  leaves  the  spraying  unaltered. 


*  See  the  curve  of  pressure  loss  in  carburetor  passages  accompanying  Part  III  of  this  report. 
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Ftg.  1.— Control  by  regulation  of  float  chamber  pressure. 
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CRITICISM  OF  CONTROL  STRUCTURE. 

Structurally,  the  methods  involving  a  small  plug  valve  controlling  an  air  stream  (fig.  1, 
and  C,  fig.  2)  are  the  simplest  and  most  easily  produced.  Also  their  regulation  is  comparatively 
direct  and  involves  small  forces  and  a  minimum  of  parts.  For  such  reasons,  these  methods  are 
the  ones  almost  always  encountered  in  service.  On  the  other  hand,  each  requires  special 
manipulation  to  cover  the  complete  throttling  range  most  advantageously. 

The  method  at  A,  figure  2,  possesses  the  structural  disadvantages  attendant  upon  con¬ 
trolled  motion  of  one  of  the  carburetor’s  major  organs.  The  parts  must  be  made  to  move 
freely,  and  auxiliary  members  must  be  included  to  nullify  the  effects  of  lack  of  balance  in  the 
forces  to  which  the  controlled  member  is  subjected.  This  further  complicates  the  structure 
and  makes  reliability  of  performance  more  difficult  to  attain,  particularly  when  only  small 
displacing  forces  are  available. 

On  the  above  scores,  the  method  at  B,  figure  2,  is  superior  to  that  at  A,  in  that  unbalance 
is  easily  eliminated  by  mounting  two  valves  on  a  single  stem,  and  causing  one  to  open  inwardly 
as  the  other  opens  outwardly.  This  gives  the  desired  result  without  material  complication 
and  with  no  additional  working  parts. 

A  possible  disadvantage  in  this  method  is  the  size  of  the  auxiliary  air  port  that  must  be 
provided.  At  an  atmospheric  pressure  equal  to  one-half  that  at  the  ground  (PJP0  =  0.5)  the 
uncontrolled  or  natural  mixture  will  contain  1.415  times  the  desired  amount  of  fuel.  That  is 
to  say,  the  metering  head  is  twice  as  great  as  it  should  be  to  maintain  equality  of  the  mixture 
ratio  with  that  at  the  ground.  From  this  it  results  that  one-half  the  air  taken  by  the  engine 
will  be  required  to  pass  the  auxiliary  port  under  this  condition  of  atmospheric  pressure.  But 
since  the  coefficient  of  discharge  for  a  passage  such  as  the  auxiliary  must  be,  is  only  about 
0.75  that  for  a  carburetor-throat  tube,  the  area  of  the  auxiliary  port  must  be  0.5/0.75  =  0.66 
of  the  total  passage  area  through  the  carburetor,  or  approximately  1.5  times  that  of  the  car¬ 
buretor  throat. 

The  most  serious  aspect  of  unbalanced  forces  upon  the  controlled  member,  or  of  compli¬ 
cated  actuating  mechanism,  is  faced  when  it  is  attempted  to  regulate  by  automatic  means. 
Here  a  definite  displacement  must  follow  the  application  of  a  definite  but  small  force  applied 
by  the  regulator.  But  where  automatic  regulation  is  employed,  it  is  clearly  essential  that  the 
load  compensation  be  unaffected,  or  negligibly  affected,  by  the  position  of  the  controlled  member. 
As  previously  stated,  method  B,  figure  2,  is  one  of  the  few  with  which  this  result  is  possible. 

For  the  best  results  throughout  a  flight,  the  setting  of  the  altimetric  control  must  be 
changed  in  a  very  definite  manner.  Thus,  automatic  regulation  of  the  control  will  be  highly 
desirable  if  it  can  be  made  to  follow  faithfully  the  changes  in  the  surrounding  conditions. 

Consideration  of  the  relative  merits  of  manual  and  automatic  regulation  leads  to  the 
conclusion  that  the  latter  is  the  more  desirable,  even  though  it  does  not  follow  the  conditions 
with  absolute  faithfulness.  This  follows  from  the  natural  limitations  of  the  manual  method 
of  regulation.  Here  chief  reliance  must  be  placed  in  the  indications  of  the  engine  tachometer 
and  in  the  senses  of  the  pilot.  This  is  all  very  well  within  certain  narrow  limits.  But  under 
present  day  surroundings  of  the  pilot  it  is  too  much  to  expect  his  senses  of  sound  and  touch 
to  be  of  great  assistance,  even  if  he  has  unlimited  time  in  which  to  act  upon  their  indications. 
Clearly,  also,  the  engine  tachometer  as  an  indicator  on  the  altimetric  control  leaves  much  to 
be  desired  in  attempting  a  setting  for  maximum  economy.  This  latter  is  never  attained  at 
maximum  R.  P.  M.  on  a  given  throttle  opening,  and  neither  is  it  attained  with  the  poorest 
mixture  that  will  operate  the  engine  steadily.4 

AUTOMATIC  OPERATION  OF  ALTIMETRIC  CONTROLS 

Automatic  means  that  can  be  made  to  follow  both  pressure  and  temperature  changes  is 
not  far  to  seek.  A  sealed  flexible-walled  chamber  will  expand  under  reduced  pressure  in  its 
surroundings.  Also,  it  will  expand  under  increased  temperature.  Since  the  direction  of  the 

*  See  discussion  of  requirements  for  maximum  economy  in  Part  V  of  this  report. 
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required  change  in  the  setting  of  the  altimetric  control  is  the  same  under  reduced  pressure 
and  under  temperature  increase,  it  only  remains  to  design  the  regulator  for  deflections  to  fit 
the  requirementss.  Strictly  speaking,  automatic  regulation  of  this  kind  can  only  be  applied 
to  a  method  of  control  which  does  not  disturb  the  compensation  under  throttle. 

A  representative  flexible  or  extensible  chamber,  on  which  to  base  a  discussion,  consists 
of  a  pair  of  rigid,  circular  end  pieces  between  which  is  sealed  a  cylindrical  metal  bellows. 
Assuming  the  bellows  to  contain  dry  air  and  to  have  been  sealed  at  absolute  pressure  P,  and 
absolute  temperature  T,  equal  to  those  at  ground  level  or  zero  altitude,  the  volume  of  the 

po  t 

bellows  at  an  altitude  x  is  Vx  =  V0  p~p  •  Substituting  the  length,  L,  for  the  volume,  since  it 

X  0 

will  be  proportional  to  the  latter  in  this  case,  the  relative  change  in  length  of  bellows  between 


ground  level  and  altitude  x  is  expressed 


TX  L0 

Lr  " 


1 


TP 

Trfp-*  But  the  change  in  orifice  area  for 

1 x*  o 


T  IP  {T  V  P 

altimetric  correction  is  1—  'rp'yp'i  and  the  change  in  head  required  is  1—  yjp-J  p*>  to  at¬ 
tain  the  same  measure  of  correction. 

In  the  case  where  the  carburetor  air  is  at  constant  temperature,  the  deflection  of  the  control 
regulator  is  proportional  to  the  square  of  the  required  orifice  area  correction;  and  is  directly 
proportional  to  the  required  correction  in  metering  head.  In  the  former  case,  it  will  be  neces¬ 
sary  to  contour  the  fuel  orifice,  or  to  control  its  area  through  some  intermediate  device,  as  a 
cam.  In  the  latter  it  may  or  may  not  be  required  to  use  contoured  control  parts,  depending 
upon  the  method  of  control  chosen.  The  methods  at  A  and  B,  figure  2,  lend  themselves  to 
operation  with  only  the  interposition  of  direct  linkage  between  the  control  member  and  its 
regulator. 

If  the  carburetor  air  temperature  varies,  it  is  obvious  in  both  cases  that  the  deflection  of 
the  regulator  will  be  relatively  too  little,  considering  the  temperature  correction,  if  it  is  suitably 
transmitted  and  utilized  with  respect  to  the  pressure  changes. 

But  it  is  possible  in  a  bellows  type  regulator  to  make  the  change  in  length  virtually  inde¬ 
pendent  of  one  or  the  other  of  these  changes  in  its  surroundings.  If  the  inclosure  is  completely 
exhausted  at  the  time  of  sealing,  its  length  will  be  unaffected  by  temperature  changes.  In 
order  that  it  may  respond  to  changes  in  pressure,  it  is  only  necessary  to  inclose  within  the 
bellows  a  spring  reacting  with  sufficient  force  to  prevent  the  maximum  external  pressure  to 
which  it  is  subjected  from  closing  it  up  completely. 

Likewise,  such  a  chamber,  completely  filled  with  a  liquid,  will  be  negligibly  affected  as  to 
length  by  a  change  in  pressure,  but  will  respond  to  changes  in  temperature. 

Thus,  by  one  of  several  possible  mechanical  interconnections  or  assemblies  of  units,  as 
in  the  diagrams  of  figure  3,  it  can  be  brought  about  that  the  automatic  regulation  of  the  control 
will  be  complete.  In  final  consideration  of  control  regulation  it  may  be  stated  that  if  the 
carburetor  air  temperature  varies  through  comparatively  narrow  limits,  a  single  air-filled 
expansible  regulating  member  may  give  a  sufficiently  close  approximation  for  most  practical 
purposes. 

CONCLUSIONS: 


(1)  Several  control  methods  may  be  equally  effective. 

(2)  Automatic  regulation  of  the  control  is,  in  general,  more  desirable  than  manual  regulation. 

(3)  It  is  possible  to  regulate  the  control  automatically  to  give  complete  correction  of  the 
mixture  at  all  altitudes. 
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CALCULATION  OF  LOW-PRESSURE  INDICATOR  DIAGRAMS. 

By  E.  C.  Kemble. 

INTRODUCTION. 

It  is  well  known  that  the  recent  remarkable  advances  in  the  design  of  high-speed  internal- 
combustion  engines  have  been  made  almost  entirely  by  cut  and  try  methods.  Increased 
valve  areas,  increased  compression  ratios,  better  intake  manifold  design,  better  carburetion, 
etc.,  have  enabled  us  to  attain  mean  effective  pressures  that  a  few  years  ago  were  not  dreamed 
of.  Yet  there  is  at  present  no  accepted  way  of  determining  theoretically  the  relation  between 
valve  areas,  stroke  volume,  speed,  and  volumetric  efficiency.  The  question  of  the  proper 
relative  areas  of  inlet  and  exhaust  valves  is  still  moot.  There  is  no  way  of  fixing  the  proper 
valve  timing  for  any  given  case,  except  the  way  of  experiment,  and  there  is  little  information 
available  regarding  the  effect  of  improper  valve  settings  on  the  volumetric  efficiencies  and 
pumping  losses.  In  short,  the  designer  dispenses  almost  entirely  with  theory. 

This  condition  of  affairs  is  obviously  due  to  the  multiplicity  of  the  factors  which  affect  the 
perfoimance  of  internal-combustion  engines.  The  large  number  of  such  factors  not  only  makes 
theorizing  extremely  difficult,  but  it  makes  it  exceedingly  hard  to  interpret  test  results  with 
any  degree  of  certainty,  so  that  we  have  little  that  is  reliable  in  the  way  of  data  for  checking 
up  a  theory  once  formulated.  The  increasing  number  of  well-equipped  experimental  labora¬ 
tories,  however,  is  sure  to  yield  plenty  of  new  and  reliable  experimental  data,  and  just  on  this 
account  it  becomes  important  to  develop  a  theory  which  shall  guide  the  experimenter  and  at 
the  same  time  aid  in  the  interpretation  of  his  results. 

It  is  hoped  that  the  method  of  computing  low  pressure  indicator  cards  outlined  in  this  report 
will  prove  to  be  the  first  step  in  the  development  of  such  a  theory.  The  writer  particularly 
desires  to  emphasize  the  fact  that  this  work  is  only  a  beginning,  which  can  not  at  present  be 
expected  to  yield  results  which  are  quantitatively  reliable. 

The  method  of  calculation  here  outlined  is  based  on  the  following  assumptions: 

(A)  The  mixture  of  air,  burnt  gas,  and  fuel  in  the  cylinder  may  be  treated  as  a  perfect  gas. 

(B)  The  kinetic  energy  developed  by  the  incoming  charge  as  it  passes  through  the  throat  of 
the  inlet  valve  is  converted  into  heat  by  eddies  as  fast  as  it  emerges  from  the  valve,  so  that  we 
may  treat  the  gas  in  the  cylinder  as  if  it  had  a  definite  temperature  and  pressure. 

(C)  The  heat  transmission  between  the  gas  and  cylinder  walls  together  with  the  heat 
absorption  due  to  the  vaporization  of  the  fuel  have  a  negligible  effect  on  the  pressure  variations; 
that  is,  the  processes  under  consideration  may  all  be  treated  as  adiabatic. 

(D)  The  rate  of  air  flow  through  the  intake  and  exhaust  valves  may  be  calculated  from  the 
manifold  pressures,  the  cylinder  pressure,  and  the  valve  clear  openings  by  the  ordinary  formulas 
for  steady  flow  through  an  orifice  with  the  aid  of  determinable  coefficients  of  efflux. 

These  hypotheses  are  all  to  be  regarded  as  rough  approximations  to  the  truth.  The  writer 
is  of  the  opinion  that  the  phenomena  ignored  through  the  introduction  of  these  assumptions  are 
of  secondary  importance  in  determining  the  pressure  variations  in  the  cylinder  during  the  suction 
and  exhaust  strokes.  In  the  last  analysis,  however,  the  justification  of  this  opinion  must  come 
through  a  comparison  of  the  results  obtained  from  this  theory  with  the  results  of  experiment. 

Assumptions  B  and  D  are  apparently  indispensable  to  the  present  method  of  attack  on  the 
problem.  A  and  C,  on  the  other  hand,  constitute  convenient  simplifications  suitable  to  the 
present  preliminary  analysis,  but  not  necessarily  essential  to  the  method.  In  connection  with 
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hypothesis  C  it  should  be  observed  that  even  though  the  charge  in  the  cylinder  absorb  a  good 
deal  more  heat  from  the  walls  during  the  suction  stroke  than  is  required  to  complete  the 
vaporization  of  the  fuel,  the  increase  in  the  heat  content  of  the  charge  will  not  be  accompanied 
by  a  correspondingly  larger  final  pressure.  This  is  because  a  slight  increase  in  pressure  due  to  a 
rise  in  temperature  immediately  reduces  the  rate  of  flow  through  the  inlet  valves. 

In  order  to  apply  the  method  it  is  necessary  that  pressures  in  the  intake  and  exhaust 
manifolds  at  points  adjacent  to  the  valves  and  the  effective  clear  valve  openings  shall  be  known 
functions  of  the  time.  By  the  effective  clear  opening  of  a  valve  is  meant  the  product  of  the 
minimum  sectional  area  of  the  passage  through  the  valve  and  the  coefficient  of  efflux. 

The  use  of  the  method  is  obviously  restricted  by  the  above  requirements,  since  the  manifold 
pressures  are  usually  not  known.  In  the  case  of  a  motor  exhausting  directly  to  atmosphere, 
however,  the  manifold  pressure  becomes  the  barometric  pressure.  Furthermore,  certain  types 
of  multicylinder  inlet  manifolds  have  a  nearly  constant  pressure,  while  a  motor  which  draws 
air  directly  from  the  atmosphere  and  has  its  fuel  injected  directly  into  the  cylinder  will  have 
atmospheric  intake  pressure,  so  that  in  these  special  cases  the  method  is  obviously  applicable. 
In  general  the  fluctuations  in  the  manifold  pressure  may  be  expected  to  be  small  compared  with 
those  in  the  cylinder,  and  it  is  believed  that  the  result  of  applying  the  method  by  replacing  the 
actual  varying  pressure  by  its  average  value  will  be  instructive,  though  quantitatively  in  error. 

The  coefficient  of  efflux  may  be  expected  to  depend  on  the  shape  of  the  valve  and  port, 
the  direction  of  flow,  the  ratio  of  the  valve  velocity  to  the  velocity  of  the  air  through  the  valve, 
and  the  product  of  velocity  of  approach  and  the  rate  of  valve  closure.  The  coefficients  for 
steady  flow  may  be  obtained  from  such  experiments  as  those  described  in  Report  No.  24,  Air 
Flow  Through  Poppet  Valves,  by  Lewis  and  Nutting.  The  coefficients  applicable  in  cases  of 
intermittent  flow  might  be  obtained  from  a  study  of  experimental  light  spring  diagrams  with 
the  aid  of  the  theory  developed  below.  The  writer  is  inclined  from  a  'priori  considerations  to 
the  opinion  that  the  coefficients  for  steady  flow  should  not  differ  very  greatly  from  those  appli¬ 
cable  to  the  intermittent  flow  obtained  in  practice  provided  that  the  pressures  used  in  making 
the  calculations  are  those  actually  existing  at  points  close  to  the  valves.  (The  pressures  in 
the  intake  manifolds  and  induction  pipes  are  different  at  different  points  as  well  as  at  different 
times.)  This  is  by  no  means  certain,  however  (Cf.  “Pressure  Drop  Through  Poppet  Valves,” 
by  C.  E.  Lucke,  Trans.  A.  S.  M.  E.,  vol.  27,  1905),  and  it  is  desirable  that  further  experiments 
be  made  to  determine  the  actual  values  of  the  coefficients  of  efflux  in  cases  of  rapidly  varying 
flow.  It  should  be  pointed  out  in  this  connection  that  the  errors  involved  in  using  the  steady 
flow  coefficients  may  be  expected  to  increase  with  the  ratio  of  the  valve  velocity  to  the  velocity 
of  the  air  through  the  valve  and  with  product  of  the  velocity  of  approach  and  the  rate  of  valve 
closure. 

NOTATION. 


Let  V,  v  —  instantaneous  volume  of  cylinder  in  cubic  feet  and  cubic  inches,  respec¬ 

tively. 

S  =  specific  volume  in  cubic  feet  per  pound. 

P,  p  —  absolute  pressure  in  cylinder  in  pounds  per  square  foot  and  pounds  per 
square  inch,  respectively. 

P' ,  p' =  absolute  pressure  of  air  approaching  inlet  valve  in  pounds  per  square  foot 
and  pounds  per  square  inch,  respectively. 

P"1  p"  =  absolute  pressure  in  exhaust  passage  in  pounds  per  square  foot  and  pounds 
per  square  inch,  respectively. 

0  =  absolute  Fahrenheit  temperature  of  cylinder  contents. 

6'  =  absolute  Fahrenheit  temperature  of  intake  charge. 

Ai,  di  =  clear  opening  of  inlet  valves  in  square  feet  and  square  inches,  respectively. 

Oi  =  coefficient  of  efflux  of  inlet  valves. 

b,  Cidi  —  effective  clear  opening  of  inlet  valves  in  square  feet  and  square  inches, 
respectively. 

AeJae  =  clear  opening  of  exhaust  valves  in  square  feet  and  square  inches,  respec¬ 
tively.  ; 
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C&  —  coefficient  of  efflux  of  exhaust  valves. 

Fe,  fe~GeAa,  Ceae  =  effective  clear  opening  of  exhaust  valves  in  square  feet  and  square  inches, 

respectively. 

J/i  =  rate  flow  through  inlet  valves  in  pounds  per  second. 

=  rate  flow  through  exhaust  valves  in  pounds  per  second. 

6r  =  mass  of  air  and  gas  in  cylinder  in  pounds. 
t==  time  in  seconds. 

<p  =  crank  angle  from  head  and  dead  center. 

72  =  gas  constant. 

(7?  =  specific  heat  at  constant  pressure  in  mechanical  units  (foot-pounds  per 
pound). 

<?v  =  specific  heat  at  constant  volume. 


Po,  V0,  0o  =  assumed  initial  values  of  P,  V,  and  0. 


GENERAL  ANALYSIS. 

Case  I. — Burnt  gases  escaping  through  exhaust  valves. 

Treating  the  cylinder  contents  as  a  perfect  gas  (Assumption  A),  we  write 

PV=GRd  (1) 

CV~  Cy  +72.  (2) 

The  specific  heat  of  a  gas  at  constant  volume  is  a  measure  of  the  increase  of  internal  energy 
of  unit  mass  for  each  degree  rise  in  temperature.  The  product  of  the  specific  heat  at  constant 
volume  (assumed  constant),  the  mass,  and  the  absolute  temperature  is  therefore  equal  to  the 
total  internal  energy.  Consequently  the  rate  at  which  energy  accumulates  in  the  cylinder  is 

^  ( CyGO ).  Substituting  from  (1)  into  this  expression,  we  obtain 

jt(-°^-iic±pvyqg- §t<pv>-  (3) 

The  rate  at  which  external  work  is  performed  on  the  piston  is  P  The  rate  at  which 

the  escaping  exhaust  gas  carries  away  energy  is  [Cvd  +PS]M„  =  Cv0Me.  The  rate  at  which  the 
incoming  charge  brings  energy  in  is  [Cvdf  +  P'S']Mi  =  Cvd' Mx. 

Neglecting  the  heat  transmission  to  the  cylinder  walls  (Assumption  C),  we  equate  the  sum 
of  the  rate  of  accumulation  of  energy  and  the  net  rate  of  dissipation  of  energy  to  zero 

%ft(PV)+p7i  +  M.-Cf’M,-  o, 

or 

Cy  T  R 


/  Cy+R\r)  dv  .  Cyr7dP  nalt,  nom*  /-> 

\TR~)P  ~dt+~iv  di+0*OM«~°J M^°- 


(4) 

(5) 


In  virtue  of  (2),  this  becomes 

CP  1  dV 


Cy 


1  dP  .  Co  Mo 


a-Cy  v  dt  '  a-Cy  p  dt 


or 


Id  .  „ 

-1  dt  loge  P~ 


1  dV 

l’Vdt  t 


Cr-Cy  G 
7  Me 


Cfd'Mj  , 

PV  ~u> 

ae'M, 


1  G  1  PV 


(6) 

(7) 


dC 

In  case  the  inlet  valve  is  closed,  vanishes  and  Me  becomes  -  Then 


Hence 


Ji Iog° p "  _  W  log« F+  yJi lo^  G- 


dt 

/  V  G'jy  {P  d 0V 


(8) 


CALCULATION  OF  LOW-PRESSURE  INDICATOR  DIAGRAMS. 


647 


or 


,=e{pJyl- 


(9) 


This  is  the  pressure  temperature  relation  for  adiabatic  expansion  which  mig  it  ave  een  an 

ticipated  from  our  assumptions  without  the  aid  of  analysis. 

Having  determined  the  relation  between  the  temperature  and  pressuie  in  t  e  cy  m  er,  we 

can  compute  the  value  of  ^  (logeP)  for  any  given  values  of  P,  V,  ^  and  Fe.  Transforming 

equation  (8),  we  obtain 

. . ""  (10) 


d .  „  —iVW  Re  Ml 


But 


dG 


(11) 


Where  the  function  which  denotes  the  theoretical  rate  of  flow  through  a  well  rounded  orifice 
of  unit  area,  has  the  form 

KiP  (12) 


when 

and  the  form 

when 


P" 


-id 

(40* 

(4i)’"" 


7  +  l 
7 


P" 


The  values  of  the  constants  Kv  and  K,  in  the  above  equations  are 


If  ?—  is  less  than  its  critical  value  (10)  becomes 

P  -y\ ~dV  ,  R9Ft 


d 

dt 


*] 


log.P-- 1 r[| 


If  Pp  is  greater  than  its  critical  value,  (10)  takes  the  form 
|  log.  p  - 

Equations  are  to  be  evaluated  by  a  graphical  integration. 

Case  II. — Fresh  charge  entering  cylinder  through  inlet  valves. 

In  case  the  inlet  valve  is  open  and  the  exhaust  valve  is  closed,  equation  (7)  becomes 

A.  D  1  dV^,  *sO£Mi 
3-(log.P=-7yX<+(7_1)  PV 

=  Cte'FiHP',«',P)} 


(13) 


/  2  gy  (  2  U, 

(14) 

\lR(y  + 1)  Vt  +  1/ 

#2  =  1 

/  2S7  . 

(15) 

\R(  7-1) 

(16) 

(17) 


(18) 


(19) 


(20) 
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P' 

The  ratio  p  will  generally  be  less  than  its  critical  value  and  we  may  use  the  following  approxi¬ 
mate  expression  for  (Cf.,  Sanford  A.  Moss,  American  Machinist,  Sept.  20  and  27,  1906) : 

Vy+1 

T 


(21) 


(22) 


Let 

Then 

(20)  becomes 

37loS (7-1  1  -(A  -  1  )//?)  (23) 

Case  III. — Burnt  gas  escaping  through  inlet  valve. 

In  modern  high  speed  internal  combustion  engines  the  pressure  inside  the  cylinder  will 
generally  be  greater  than  the  pressure  in  the  inlet  passage  when  the  inlet  valve  begins  to  open. 
Consequently  we  have  to  deal  with  outflow  as  well  as  inflow  through  the  inlet  passages.  On 
the  other  hand  the  flow  through  the  exhaust  passages  is  always  in  the  one  direction.  If  the 
periods  of  valve  opening  overlap,  the  outward  flow  may  occur  simultaneously  through  both 
valves.  This  case  can  be  dealt  with  by  the  addition  to  the  right-hand  member  of  (18)  of  a 
term  to  take  care  of  the  outward  flow  through  the  inlet  valve. 

Thus 


di 


3—y 

7 


-(£) 


+ 


(24) 


GRAPHICAL  INTEGRATION. 


The  above  equations  (17),  (18),  and  (23)  are  of  such  a  form  that  it  is  useless  to  attempt  an 
analytical  integration.  They  are  of  the  general  first  order  type. 

J/)  (25) 


An  accurate  method  for  the  graphical  integration  of  this  type  of  equation  is  given  in  Runge’s 
“Graphical  Methods.’’  For  our  purpose,  however,  it  will  do  to  use  a  simpler  means  of  getting 
an  approximate  solution. 

The  equation  (25)  defines  not  one  curve,  but  a  whole  family  of  ourves,  one  of  which  passes 
through  every  point  in  the  region  of  definition  of  /  (x,  y).  f  (x,  y)  is  the  slope  at  the  point  x,  y 
of  the  particular  curve  which  passes  through  x,  y.  We  define  the  combination  of  the  point 
x,  y  with  a  short  straight  line  through  that  point  having  the  slope  /  (x,  y)  as  a  lineal  element  of 
differential  equation  (25).  /  (x,  y)  being  continuous,  the  directions  of  these  lineal  elements 
vary  continuously  from  point  to  point.  Hence  by  plotting  a  large  number  of  lineal  elements 
we  can  estimate  the  direction  of  the  integral  curve  passing  through  any  chosen  point  (see  plot 
4).  It  happens  that  we  are  interested  only  in  the  particular  integral  curve  passing  through  the 
point  loge  Poy  t0.  Consequently  labor  is  saved  if  we  proceed  as  follows:  First  plot  the  lineal 
element  through  loge  P0,  t0.  Choose  a  slightly  larger  value  of  t,  say  tv  and  by  a  prolongation 
of  the  above  lineal  element  to  the  line  x  =  q,  get  an  approximate  value  of  the  ordinate  correspond¬ 
ing  to  this  abscissa.  Plot  the  lineal  element  through  this  new  point  and  through  two  other 
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points  having  slightly  greater  and  slightly  smaller  ordinates,  respectively.  With  these  lineal 
elements  as  a  guide,  it  will  be  possible  to  sketch  in  by  eye  with  fair  aoouracy  the  integral  curve 
from  its  initial  point  on  the  line  x  =  t0to  its  intersection  with  the  line  x  =  tv  and  to  get  an  approxi¬ 
mate  value  of  the  ordinate  of  its  intersection  with  another  suitably  chosen  vertical  line,  say 
x  =  t2.  By  a  simple  repetition  of  this  process  we  can  extend  the  integral  curve  to  any  desired 
value  of  t  with  a  minimum  of  labor. 

When  the  relation  between  the  pressure  in  the  cylinder  and  the  time  has  been  determined 
the  mass  of  fresh  charge  drawn  into  the  cylinder  during  the  suction  stroke  can  easily  be  calcu¬ 
lated  by  means  of  a  second  simple  mechanical  integration.  We  denote  this  charge  by  the 
symbol  Gi.  It  is  equal  to  the  gross  charge  flowing  into  the  cylinder  through  the  inlet  valves 
minus  the  mass  which  flows  out  through  these  valves  during  the  initial  period  of  pressure  equali¬ 
zation.  Let  t'  denote  the  time  at  which  the  inlet  valve  begins  to  open.  Let  t"  denote  the  time 
when  the  flow  through  the  inlet  valve  reverses.  Let  t"  '  denote  the  time  of  inlet  valve  closure. 
Then 


<?,=-  r'Fim(p,e,p')dt+  rmm,p)dt. 

Jr  Jr 


(26) 


These  integrals  can  be  evaluated  by  means  of  a  planimeter. 

One  of  the  equations  (17)  or  (18)  is  applicable  at  all  times  when  the  flow  through  the 
valves  is  outward,  even  though  part  of  the  flow  is  through  the  inlet  valve,  although,  if  gas  is 
escaping  from  the  cylinder  into  the  inlet  manifold,  we  must  replace  in  (18)  by  (F\  +  Fe).  It  is 
not  to  be  expected  that  there  will  ever  be  any  inward  flow  through  the  exhaust  valves,  or  an 
inward  flow  through  the  inlet  valves  when  the  exhaust  valves  are  open.  Thus  Equations 
(17),  (18),  and  (23)  cover  all  cases  wdiich  will  arise  in  practice. 


INTRODUCTION  OF  NUMERICAL  VALUES. 

Before  making  a  definite  application  of  the  above  equations,  we  introduce  some  rough 
assumptions  regarding  the  properties  of  the  gas  in  the  cylinder.  Normal  exhaust  gas  from  an 
engine  using  gasoline  as  fuel  may  be  assumed  to  contain  about  13.6  per  cent  by  volume  of  water 
vapor,  12.4  per  cent  of  C02,  and  74  per  cent  of  N2.  The  percentages  by  weight  are  then  8.5  per 
cent  ( H20 ),  19.1  per  cent  (COt),  and  72.4  per  cent  (N2).  The  specific  heats  at  200°  F.  and  at 
constant  pressure  may  be  taken  to  be  0.448  B.  T.  U.  per  pound,  0.202  B.  T.  U.  per  pound, 
and  0.244  B.  T.  U.  per  pound,  respectively.  The  specific  heat  of  the  mixture  in  mechanical 
units  computed  from  the  above  rough  assumptions  is  198  foot-pounds  per  pound.  The  gas 
constant  of  the  mixture  is  53.7  and  the  specific  heat  at  constant  volume  works  out  to  be 

£v=£p-#  =  198-54  =  144 


The  ratio  of  the  specific  heats  is 


1.375. 


We  take  the  above  values  of  R  and  7  as  the  basis  for  our  first  rough  calculation.  At  the 
high  temperatures  prevailing  during  the  exhaust  stroke  a  smaller  value  of  7  would  probably 
be  more  accurate,  while  it  is  probable  that  a  slightly  larger  value  would  be  better  for  the  suction 
stroke. 

Introducing  these  values,  we  find  that  the  critical  pressure  ratio  is  0.5334.  Further; 

A,  =  0.526;  K2  =  2.094;  A/ =  1.094. 

Equation  (17)  reduces  to 


1.37  bVdV 
Vi  dt 


+  0.526X53.7 


It  is  useful  to  replace  loge  P  by  log10  p,  V  by  v,  and  Fe  by/e.  Then 
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2.3026  ~  log  lo2>  = 


1f5B+°-526x53-7x 


i2/.v<0' 


1358  I 

J’ 


(27) 


Another  useful  change  is  to  introduce  the  crank  angle  as  the  independent  variable  instead 
of  the  time.  We  denote  the  crank  angle  measured  from  the  head  end  dead  center  by  <p.  We 
take  the  unit  of  measurement  for  this  angle  to  be  10  degrees.  Let  N  denote  the  crankshaft 
speed  in  revolutions  per  minute.  Then 

dip  36  N 


dt  60 


=  0.6W 


d  ,  0.596nfo  ,  338.8 


(28) 


Let  A  =  piston  area  in  square  inches. 
r  —  crank  pin  radius  in  inches. 

Z  =  connecting  rod  length  in  inches. 
v<-  —  compression  volume  in  cubic  inches. 

Then 

v—vc  +  A{r(  1  —cos  <p)+Z—  -jV  —  r2  sinV}  =v0  +  A  ( l  +  r )  —  A[r  cos  tp  +  V Z2  — r 2  sin2  <p];  (29) 

r  cos  ^ 


dv 

Ar  sin  ip 

dip 

5.73 

1  + 


VZ2  —  r2  sin2  tp 


(30) 


Equations  (28),  (29),  and  (30)  enable  us  to  determine  the  relation  between  pressure  and 
crank  angle  from  the  time  when  the  exhaust  valve  opens  until  the  pressure  ratio  has  been 
reduced  to  its  critical  value.  From  the  latter  point  till  the  opening  of  the  inlet  valve  we  must 
use  an  equation  of  the  form  (18). 

Introducing  the  value  1.373  for  y  and  changing  the  independent  variable  from  t  to  ip  we 
derive  the  following  equation  from  (18). 

d 


0.596pfo  ,  oo™/e  rV^'V1358  //p"V185  / 2>"Y‘458_1. 

dipl°SioV-  v  [_ dip  +  2,250N^ld\pJ  -\\p  )  \p  )  J’ 

\2.373/ 


(31) 


P_ 

V 


0.5334  . 


Making  the  same  changes  in  (23)  that  we  have  made  in  equations  (17)  and  (18),  we  derive 
the  following  equation  applicable  during  the  suction  stroke. 


(32) 


EFFLUX  COEFFICIENTS. 


It  will  be  assumed  that  efflux  coefficients  derived  from  steady  flow  experiments,  such  as 
those  of  Lewis  and  Nutting  (Report  No.  24),  are  applicable  to  intermittent  flow.  As  a  first 
approximation,  the  effects  of  valve  design  and  seat  angle,  as  well  as  the  effect  of  reversing 
the  direction  of  flow,  will  be  neglected.  In  other  words,  it  will  be  assumed  that  the  efflux 
coefficient  of  any  inlet  or  exhaust  valve  is  a  function  only  of  the  ratio  of  the  clear  opening  of 
the  valve  to  the  net  area  of  the  valve  passage  (i.  e.  the  gross  area  minus  the  valve  stem  area). 

Plot  1  shows  the  relation  between  the  above-mentioned  ratio  and  the  coefficient  of  efflux 
as  computed  from  the  experiments  of  Lewis  and  Nutting  on  If -inch  valves.  Whereas  the 
coefficients  of  efflux  reported  by  Lewis  and  Nutting  are  based  on  the  rough  assumption  that 
the  clear  opening  of  the  valve  is  equal  to  the  product  of  the  valve  lift  and  the  port  circum¬ 
ference,  the  values  used  in  the  curve  on  Plot  1  have  been  corrected  by  the  substitution  of  clear 
valve  areas  computed  in  a  more  accurate  manner  by  means  of  trigonometrical  formulae. 


Effective  C/ear  Opening  -  sg.  inches.  Coefficient  of  Efflux . 
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APPLICATION  TO  TYPICAL  MOTOR. 


Plot  2  shows  the  effective  clear  opening  (product  of  actual  clear  opening  by  efflux  coeffi¬ 
cient)  for  the  exhaust  and  inlet  valves  of  a  typical  engine  plotted  against  the  crank  angle. 

QA) 

Plot  3  shows  the  cylinder  volume  v  and  its  derivative  as  functions  of  <p. 

We  assume  that  pressure  at  the  moment  when  the  exhaust  valve  begins  to  open  (<p  =  130°] 
is  78.0  pounds  per  square  inch  (abs.)  and  that  the  temperature  is  3,000°  on  the  absolute  Fah¬ 
renheit  scale. 

Let  the  exhaust  be  direct  to  atmosphere.  Then 

2>o  =  78.0 
0o  =  3OOO0 
v0  =  149.7 


Equations  (28)  and  (31)  become 

d 


d<p 


log,.  P=  -~[^+T^i.P,,ss8]  ;  2» 27.55 


(33) 


d 

dip 


,  0.596  r dv  ,  98,25(V  //14.7Y185  /14.7V'““1  . 

iog,.?= — f“L dp+^rH\TJ  ~\1y)  J’i,<27-55-  (34> 


Let  us  further  assume  that  the  impact  pressure  in  the  passage  leading  to  the  inlet  valve 
has  the  constant  value  14.7  pounds  per  square  inch,  and  that  the  impact  temperature  of  the 
inflowing  charge  is  70°  F.  These  assumptions  set  to  one  side  the  temperature  and  pressure 
changes  which  occur  in  the  inlet  manifold.  Then 


p'  =  14.7 
0'  =  53O° 

Equation  (32),  for  the  pressure  variation  during  the  suction  stroke,  becomes 


d  ,  0.596 

^log,. 


dv  37,150 
dtp  N 


(35) 


The  graphical  integration  of  these  equations  for  the  determination  of  the  relation  between 
l°gioP  and  <p  is  shown  on  plots  4,  5,  and  6. 

Plot  7  shows  the  low-spring  pressure-volume  curves  for  1,000  revolutions  per  minute  and 
2,500  revolutions  per  minute  derived  from  plots  4,  5,  and  6. 

It  will  be  observed  that  according  to  these  diagrams  the  exhaust  valve  opens  a  little  early 
at  1,000  revolutions  per  minute  and  a  little  late  at  2,500  revolutions  per  minute.  The  inlet 
valve  closing  time  is  better  adapted  to  2,500  revolutions  per  minute  than  to  the  lower  speed. 


CONCLUSION. 


In  conclusion  it  should  be  pointed  out  that  we  have  here  developed  a  method  of  com¬ 
puting  theoretical  low-spring  diagrams  which  is  capable  of  further  development  and  refinement 
not  justified  by  the  experimental  data  now  available.  At  present  the  absolute  values  deduced 
from  the  theory  can  not  be  relied  on.  It  is  to  be  hoped,  however,  that  the  results  will  prove 
to  be  of  qualitative  value  and  that  future  experiments  will  show  us  how  to  so  modify  the 
theory  that  it  will  give  quantitatively  correct  values. 
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